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Abstract

Biodegradable magnesium (Mg) alloys exhibit great potential for use as temporary structures in tissue engineering applications. Such
degradable implants require no secondary surgery for their removal. In addition, their comparable mechanical properties with the human
bone, together with excellent biocompatibility, make them a suitable candidate for fracture treatments. Nevertheless, some challenges remain.
Fast degradation of the Mg-based alloys in physiological environments leads to a loss of the mechanical support that is needed for complete
tissue healing and also to the accumulation of hydrogen gas bubbles at the interface of the implant and tissue. Among different methods used
to improve the performance of the biodegradable Mg alloys to address these challenges, it appears that heat treatment is the most effective
way to modify the microstructure and thus the corrosion behavior and mechanical properties without changing the composition or shape of
the alloys. A desirable combination of corrosion and mechanical properties can be obtained through a precise control of the heat treatment
parameters. In this report, the effects of different heat treatments (T4 and T6) on the microstructure, corrosion behavior, and mechanical
properties of some of the most important heat-treatable biodegradable Mg alloys (Mg-Zn, Mg-Gd, Mg-Y, Mg-Nd, Mg-Al and Mg-Ag) are

examined as well as new perspectives to enhance their clinical implementation.
© 2022 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Regenerative medicine needs a further development of
novel biomaterials to help the process of recovery of the
damaged tissues, where this has become of special impor-
tance and interest in recent years as a consequence of the
aging and overall longevity of the world’s population. The
biodegradable implants have attracted too much attention in
recent years due to their outstanding performance in the pro-
cess of tissue regeneration. Such implants can act as a tem-
porary structure which helps the damaged tissue to carry the
loads, and after the execution of their clinical function they
will degrade gradually within the biological media to be re-
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placed by the native tissue. As a consequence, the issues con-
cerning the use of permanent implants, such as the chronic
inflammation, physical irritation, endothelial dysfunctions and
the need for secondary surgery for the implant removal, are
effectively avoided [1-8].

Mg-based alloys as biodegradable implants exhibit a sig-
nificant potential for use as temporary structures for tissue
engineering purposes. In this regard, the Mg alloys are consid-
ered as an exceptional candidate for fracture treatments due to
their comparable density (1.74-2.0 g/cm?) and tensile strength
(100-200 MPa) to those of the human bone. The stress shield-
ing effect and associated problems, such as implant loosening,
skeleton thickening and serious impediments to the healing
process, would be mitigated by the similar elastic modulus
(41-45 GPa) of the Mg alloys to that of natural bone (10-
30 GPa) [9]. Magnesium, as the fourth most abundant cation
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in the human body, is essential to human metabolism and its
daily recommended intake for an adult is of the order of 240-
420 mg/day, where the excess Mg cations can be excreted in
the urine without any toxicity [10—12]. The Mg alloys would
be degraded in biological environments due to the presence
of CI™ [13,14]. The associated mechanical properties, together
with the biocompatibility characteristics of the Mg alloys, like
osteogenesis inductivity [15], antibacterial [16] and anti-tumor
effects [17] and anti-inflammatory properties [18], make them
a distinctive choice in biomedical applications such that ex-
tensive research has been conducted in this area. A summary
of the numbers of published articles containing “biodegrad-
able Mg” or “biodegradable magnesium” expressions in the
title is presented in Fig. la, implying a very significant growth
after 2005.

The success in the regeneration of damaged bone tissue is
strongly related to attaining a balance between the corrosion
rate of the implant and the bone healing rate, the presence
of an adequate mechanical support during the healing time, a
through degradation of the implant after complete bone heal-
ing and the absence of any signs of a systematic response
(e.g., chronic inflammation and allergy) due to the created by-
products. Despite the outstanding properties of the biodegrad-
able Mg-based implants and their extensive development in
clinical applications in recent years, several challenges remain
unaddressed that inhibit their extensive use in biomedical ap-
plications [19]. For example, it is generally believed that the
corrosion rate of the biodegradable Mg alloys is too high for
implant applications since fast corroding implants cannot pro-
vide sufficient mechanical support for the tissue. The local-
ized corrosion processes, such as pitting and stress corrosion
cracking, lead to a reduction in the mechanical strength of
the implant in the early stages of implantation. Furthermore,
rapid corrosion of the Mg in the physiological environment
leads to the generation of large quantities of hydrogen gas
bubbles between the implant and the bone interface and this
may hinder the healing process [3,20].

Many different ways and methods have been suggested for
improving the properties of biodegradable Mg alloys through
the use of procedures such as coatings [21,22] and alloying
[23,24]. However, it appears that the use of heat treatment is
the most valuable tool for manipulating the mechanical prop-
erties and corrosion behavior of the biodegradable Mg alloys.
The reason is because a heat treatment does not alter the
chemical composition or the shape of the alloys but instead,
it simply modifies the microstructure. The well-established
solid solution treatment (T4) and the solid solution with sub-
sequent aging treatment (T6) are two common heat treatments
that have been widely conducted on biodegradable Mg alloys
[14]. Changes in the morphology and volume fraction of the
secondary phases, the introduction of a protective corrosion
film and the effect on grain size during the heat treatment
may all affect the corrosion performance of the Mg alloys.
Moreover, solid solution strengthening, precipitation strength-
ening and grain growth are three important factors determin-
ing the overall mechanical properties of the heat-treated Mg
alloys.

Depending on the chemical composition of the alloy and
the heat treatment that was used, significantly different com-
binations of mechanical and corrosion properties may be ob-
tained. Fig. 1b demonstrates a noticeable progress in applying
the heat treatment process to biodegradable Mg alloys where
the number of published articles in this area from 2007 to
2020 is presented. A summary of the properties and chal-
lenges of biodegradable Mg alloys is given in Fig. 2. Accord-
ingly, this review aims to provide a comprehensive summary
of the different effects of the T4 and T6 heat treatments on
the corrosion performance and mechanical properties of the
biodegradable Mg alloys. A detailed understanding of the ef-
fects of heat treatment on each alloying system will help to
control the properties of the biodegradable Mg alloys in order
to achieve the desired properties for biomedical applications
without the need to change the composition or shape of the
alloys.

2. Clinical applications

Mg alloys have been used for biomedical applications since
the 1800s. Initially, Mg wires were devised by Edward C.
Huse as ligatures to hinder bleeding [25]. Moreover, in 1900,
Erwin Payr proposed that Mg implants can be employed for
the fabrication of fixator pins, plates and nails [26]. How-
ever, since the early 2000s, the modern era of the research on
Mg alloys for biomedical applications has been initiated. Cur-
rently, Mg alloys are used in two main categories of biomed-
ical applications: vascular stents [27], and orthopedic appli-
cations [28]. In this regard, the Mg stenting procedure was
employed for 63 patients who had plaque in their arteries,
and the results obtained indicated that such stents can be used
safely [29]. There is also a great potential for Mg alloys, as
surgical implant materials, to be used for bone repair [30].
Mg alloys have been utilized in different types of fixation de-
vices for orthopedic surgery, including as fasteners, screws,
and plates. These extensive biomedical practices of Mg-based
alloys are due to their excellent biocompatibility, such as their
minimal effect on blood composition change, which does not
lead to damage of excretory organs like the liver or the kid-
neys [31].

To make biodegradable Mg alloys suitable for these appli-
cations, there is a need to adjust some properties, where the
most important one is the degradation rate. The acceptable
corrosion rate for biomedical implants depends on many fac-
tors and there is not a specific rate for all applications [32]. As
Mg alloys produce hydrogen in the body, the acceptable cor-
rosion rate can be determined by the evolved hydrogen. For
example, according to [33], when the hydrogen evolution rate
is 0.01 mL/cm?/day it can be tolerated by the human body
and there will not be a serious threat. Also, it has been re-
ported that the corrosion rate should be less than 0.5 mm/y in
simulated body fluid (SBF) solution at 37 °C, which reflects a
functionality time of 3-6 months [34]. It is worth mentioning
that the pH, alloying element release and osmolality (caused
by a high concentration of Mg?* ions) of the medium are all
affected by the degradation rate of Mg-based alloys, where
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Fig. 1. The numbers of publications per year and the cumulative number of publications for (a) biodegradable Mg alloys and (b) the heat treatment of

biodegradable Mg alloys.

a high degradation rate would result in an increment of pH,
excess amount of alloying element and osmolality, leading
to the cytotoxicity of human osteoblasts [35,36]. Therefore,
tailoring the corrosion rate of biodegradable Mg alloys is of
great significance.

Mechanical integrity of an orthopedic implant is of great
importance to provide structural support during the bone
reconstruction process. It has been reported [14,37] that
biodegradable implants should have tensile strength and duc-
tility higher than 200 MPa and 10%, respectively. Fortunately,
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treatment.

Mg-based alloys usually can be designed to reach these prop-
erties [38]. However, loss of the load-bearing ability of Mg
implants as the result of fast degradation is still challeng-
ing. Most of the biodegradable Mg-based alloys would be
thoroughly degraded within 6-12 weeks, while the designed
implant should maintain its support for 24-36 weeks, which is
the bone regeneration duration [39,40]. As will be reviewed
and discussed in the following sections, heat treatment, as
an effective implement, can control and further improve the
corrosion and mechanical properties of the Mg alloys to the
limits required for use as biodegradable implants.

3. The general effects of heat treatment

Although a heat treatment affects different Mg alloys in
distinct ways, some effects of T4 and T6 treatments on mi-
crostructure and hence the characteristics of biodegradable
Mg-based alloys are common and will be discussed here.

3.1. The general effects of a T4 heat treatment

The solid solution heat treatment T4 removes the dendritic
structure and the associated segregations in addition to re-
ducing the density of dislocations, twins and other defects
with the overall driving force of decreasing the internal en-
ergy of the as-cast alloy. The effect of a solid solution heat
treatment will become more significant by increasing the con-
centration of the alloying elements [41,42]. After the T4 heat

treatment, the alloying elements are more homogeneously dis-
tributed and some or all of the precipitates are dissolved in
the matrix as the result of the increased solubility of the alloy-
ing elements with temperature. Fig. 3 depicts a single-phase
microstructure and complete dissolution of intermetallic com-
pounds of the Mg-2.49 at% Gd alloy into the matrix by the
solution treatment at 535 °C for 9 h [43].

The rearrangement of the alloying elements and secondary
phases during the solution treatment can be very beneficial
for the corrosion resistance since finely and uniformly dis-
tributed secondary phases may effectively improve the corro-
sion resistance of the Mg alloys. In fact, the distribution and
size of the secondary phase particles remarkably affect the
corrosion performance of the biodegradable Mg alloys [44].
Thus, large particles deteriorate the corrosion resistance of
the Mg alloys with respect to the micro-galvanic corrosion
and this is an effect that will be discussed in detail in this
review.

The following eq. (1) demonstrates the relation between
the corrosion rate and the cathodic area:

(Ecorr2 - Ecorr) ,3c2 In Icorr2
(,Bal + ,302) (.Bal + ﬂcZ)
:3c2 A2
P =
(Ba1 + B2) Ay
where y is the galvanic corrosion effect, Eqop and Egoy are
the cathodic corrosion potential and the anodic corrosion po-
tential, respectively, Iconmo and Ieoy are the cathodic corrosion
current density and the anodic corrosion current density, re-

Lny =

Icorrl

+ ey
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Solution-treated

Fig. 3. Optical microstructure of the Mg-2.49 at% Gd alloy in (a) the as-cast and (b) the solution-treated conditions. Reproduced from [43].

spectively, B, and B, are the anodic slope and the cathodic
slope, respectively, and A, and A; are the cathode area and
the anode area, respectively [45].

In addition to the effect of the morphology of the parti-
cles on the galvanic corrosion in Mg-based alloys, the grain
size distribution is also an important factor. A non-uniform
grain size distribution is highly destructive due to the forma-
tion of galvanic corrosion between the fine and coarse grains.
During the T4 heat treatment, due to the coalescence of the
small grains, the smaller grains are gradually removed and
the grain size becomes more uniform and larger [46,47]. As
the time/temperature of the solid solution heat treatment in-
creases, grain growth becomes more severe while the rate of
growth will be a function of both the temperature and time of
the heat treatment as well as the type of alloy. On the other
hand, the corrosion rate is usually improved by reducing the
grain size of magnesium alloys. Accordingly, the corrosion
behavior of Mg alloys after a T4 heat treatment will be af-
fected by these two parameters.

The solution heat treatment affects the strength of the Mg
alloys from two important aspects. First, the solution treat-
ment establishes a supersaturated solid solution where the
atomic size difference between the Mg atoms and the so-
lute atoms generates a lattice distortion in the o-Mg matrix
and this leads to solid solution hardening. Second, due to
the high annealing temperatures, the casting precipitates dis-
solve in the a-Mg matrix and this produces some softening
[48]. This means in effect that the mechanical properties of
the solution-treated biodegradable Mg alloys originate from
attaining a balance between these two factors. Grain growth
and the loss of some strengthening from the grain boundaries
should also be added to these factors. In this respect, it is
generally considered that after a solid solution treatment the
yield strength (YS) of magnesium alloys is slightly reduced
compared with the as-cast condition due to the occurrence of
grain growth and also the dissolution of some of the precip-
itates [49].

3.2. The general effects of a T6 heat treatment

During aging, the secondary phases precipitate again from
the supersaturated solid solution formed during the T4 treat-
ment, and as the aging time increases so the size of the pre-
cipitates and the distance between them also increases due to
the enhanced diffusion [48]. In this process, the morphology
of the precipitates changes continuously with time. This is
accompanied by grain growth while the growth kinetics are
smaller compared to the solution treatment due to the lower
temperatures typically used in aging. The temperature and
time of the aging heat treatment also significantly affect the
morphology of the precipitates and thus the final properties
of the alloy: this effect will be discussed in detail in this
review.

Regarding the influence of the T6 treatment on the corro-
sion resistance of Mg alloys, it is believed that the precipitates
may play different roles with respect to their homogeneity,
morphology, distribution and the type of alloy. Thus, they
may act both as micro-cathodes which cause an acceleration
in the corrosion rate of the alloy and also as barriers against
corrosion propagation [50].

There are many factors that may affect the efficiency and
also the amount of precipitate strengthening. For example,
these factors include the precipitate size, precipitate shape,
precipitate volume fraction and distribution, the nature of the
interface with the surrounding matrix, the elastic modulus, the
strength of the precipitates and the precipitate crystal struc-
ture [50,51]. Usually, these parameters change during aging
and this will appear in the aging curve where the strength or
hardness is plotted against time.

The proper selection of time and temperature of heat treat-
ment is a critical factor to obtain the best results. It is well-
established that phase diagrams, which are based on equilib-
rium phases, are the most practical tools to define the tem-
perature of heat treatment for each alloy. Since the condi-
tions may deviate from equilibrium due to kinetic considera-
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Fig. 4. Comparison of the experimental results with model predictions for the evolved Mg;7Al;, phase in T6 treatment of AZ91 alloy at 200 °C: (a) volume
fraction, and (b) particle size are plotted against time of T6 heat treatment. Reproduced from [54].

tions, different experimental techniques such as thermal anal-
ysis, X-ray diffraction (XRD), electrical conductivity, scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM) can also be employed to determine the
appropriate time and temperature of the heat treatment. All
of these techniques rely on measuring changes in physical,
chemical and structural properties of a material when a phase
transformation occurs [52]. For instance, electrical resistivity
and hardness tests have been utilized to assess the optimum
solid solution time for a biodegradable Mg-Y-Ag alloy [53].
It was realized that electrical resistivity and hardness signifi-
cantly decreased and increased, respectively, after 3 h of T4
treatment at 500 °C (determined according to phase diagram)
and no remarkable changes were noticed after that, indicating
that most of the precipitates were dissolved by 3 h of solution
treatment at 500 °C, which was chosen as the heat treatment
time and temperature.

In addition to experimental techniques, models and simu-
lations are also being developed and performed respectively
to further predict the appropriate time and temperature of
heat treatment. Interestingly, a novel microstructure model
has been devised to predict the microstructure evolution of
some Mg-based systems such as Mg-Zn and Mg-Al alloys
during T6 treatment [54,55]. This model is mainly based on
thermodynamic calculations for the physical phenomena of
nucleation, growth and coarsening, which can give valuable
information for deciding the time and temperature of the heat
treatment. Fig. 4 shows a reasonable fit between experimen-
tal data and model predictions, where volume fraction and
size of Mg;7Al;; phase in an Mg-9Al-1Zn alloy aged at 200
°C (obtained by TEM measurement) are plotted against time
of heat treatment [56], implying the potential of this model
for developing for other Mg alloys. However, some important
parameters such as the morphology of precipitates are not
included in these nascent models, which necessitate future
investigations for higher predictive accuracy.

4. The effects of heat treatment on Mg-Zn alloys
4.1. The corrosion behavior

4.1.1. The corrosion behavior of Mg-Zn alloys in the as-cast
condition

Zinc is a common alloying element in biodegradable Mg
alloys that is omnipresent in all of the human body tissues
as a vital nutritional element [57]. In practice, the addition of
Zn improves the corrosion performance of biodegradable Mg
alloys by enhancing the nobility. In addition, it appears that
Zn increases the stability of the corrosion film by reducing
impurities and also boosts the charge transfer resistance of
the Mg alloys and thereby improves the corrosion resistance
[58,59].

The general microstructure of the as-cast Mg-Zn alloys
includes Mg-Zn secondary phases embedded in an Mg-Zn
solid solution matrix together with some zinc-rich segregation
areas. The secondary phases can be found both at the grain
boundaries and within the grains [51]. The corrosion behavior
of the Mg-Zn alloys is mainly determined by three factors:
the purity, the zinc concentration and the morphology and
composition of the secondary phases in the microstructure.

The role of the Zn content in enhancing the corrosion re-
sistance of as-cast Mg-Zn alloys is more evident in Fig. 5.
In this diagram, the surfaces of the binary Mg-xZn alloys
(x = 1.25, 2.50, and 4.00 wt%) are shown after immersion in
a Kokubo solution for 144 h. In this respect, it was concluded
that the addition of 4 wt% Zn can significantly improve the
corrosion resistance of Mg-Zn alloys for biomedical applica-
tions by forming a protective film . It was also noted that the
number of cracks appearing on the surface of alloys decreases
through the addition of Zn. A uniform corrosion product is
formed on the surface of the Mg-4Zn alloy where it is much
thicker than in other alloys with less Zn content. The volume
fraction of the secondary phases and the thickness of the Zn
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Fig. 5. The morphology of the corroded surfaces of the Mg-1.25Zn (a), Mg-2.5Zn (b) and Mg-4Zn (c) alloys after immersion for 144 h in a Kokubo solution.

Reproduced from [60].

oxide layer will assess the corrosion resistance of the Mg-Zn
alloys. However, due to the presence of different phases and
also the dendritic character of the microstructure of the as-
cast Mg-Zn alloys, these alloys in the as-cast condition are
very vulnerable to galvanic corrosion and usually have insuf-
ficient surface layer protection and passivation [60]. The use
of heat treatment effects is an effective way to modify the
microstructure of the Mg-Zn alloys and this will be reviewed
and discussed in the following sections.

4.1.2. The corrosion behavior of Mg-Zn alloys after a T4
heat treatment

Irrespective of the location of the secondary phases,
whether at the grain boundaries or within the grains, they
can act as micro-cathodes and thus increase the corrosion
rate. From this point of view, a solid solution heat treatment
will be the most suitable option for improving the corrosion
resistance of as-cast Mg-Zn alloys as it can significantly re-
duce the volume fraction of the secondary phases [45,61].
In some cases, an incomplete dissolution of the secondary
phases has been reported due to the excellent thermal sta-
bility of the secondary phases at the temperature used for
the solution treatment. For example, there are reports of an
incomplete dissolution of the MgyZn;sSrs particles in the
Mg-4.0Zn-0.5Sr alloy [62] and the Mg;,Zn;3 particles in the
Mg-1.5Zn alloy [42]). Nevertheless, by precisely controlling
and adjusting the heat treatment parameters it is also possible
to dissolve these phases.

In a comparative study [63], the corrosion resistance of an
Mg-2Zn-1Mn (ZM21) alloy was studied and compared in the
solution-treated, the extruded and the TS5 heat-treated states.
The results showed that the alloy in the solution-treated con-
dition had the lowest amount of secondary phases, impurities,
dislocations and other defects. In addition, the solution-treated
alloy exhibited the best film protection according to the higher
breakdown potential (Ey) value from the polarization curves
(Fig. 6). Therefore, an alloy solution-treated at 510 °C for 4
h showed the best corrosion resistance.

An investigation was conducted on the effect of temper-
ature and time of the solid solution heat treatment on the
corrosion behavior of an Mg-3Zn-0.3Ca alloy 44. The results
demonstrated that the optimum properties may be achieved by

-1.0

=
~— 14+
—
<
£
S .6t
e
)
=%
-1.8

-2.0 -

2 G £ 5 4 3 2
Log i (A/cm?)

Fig. 6. Comparative polarization curves of the Mg-2Zn-1Mn alloy in the T4,
the extruded and the TS5 states. Reproduced from [63].

properly controlling the time and temperature of the solution
treatment. In this respect, the as-cast alloy had the smallest
grain size but the largest fraction of the secondary phases
and the alloy experiencing the solution treatment at the high-
est temperature for the maximum time had the lowest fraction
of secondary phases but the largest grain size. Both of these
samples possessed an inappropriate corrosion rate and opti-
mum properties were achieved for a sample with a balanced
secondary phase volume fraction and grain size. Fig. 7a shows
the results of a hydrogen evolution test during a 240 h im-
mersion in SBF solution in which the T4-treated alloy at 420
°C for 24 h exhibited the best corrosion resistance. As shown
schematically in Fig. 7b, the results obtained show how the
corrosion rate decreases with a reduction in the secondary
phase content and an increase in the grain size. According to
Fig. 7c, a solution-treated alloy after 420 °C for 24 h, with
a balanced secondary phase content and grain size, demon-
strated a lower density and depth of the corrosion pits where
this is in accordance with the sample showing the best corro-
sion resistance. Therefore, the conditions of time and temper-
ature associated with the solid solution heat treatment play a
significant role in determining the corrosion behavior of the
Mg-Zn alloys [64].
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Fig. 7. (a) The effect of heat treatment on the corrosion rate (evaluated as the evolved hydrogen gas during immersion in SBF) of an as-cast Mg-3Zn-0.3Ca
alloy. (b) Schematic plot showing the variations of the corrosion rate with the volume fraction of the secondary phases (dashed red curve) and grain size
(dashed blue curve). The black solid curve refers to the overall effect of the solution treatment on the corrosion rate. (c) The corroded surfaces of the
Mg-3Zn-0.3Ca alloy in the as-cast and heat-treated conditions (indicated in the top-right corner) after immersion in SBF for 240 h. All micrographs were
obtained by SEM after removal of the corrosion products. Reproduced from [44].

It has been reported [49] that by increasing the time and
temperature of the solution treatment some passivation is
achieved and a protective film is formed on the alloy so that
uniform corrosion occurs instead of pitting [25]. For example,
passivation occurred in the T4-treated Mg-2Zn-0.5Nd-0.5Zr
alloy after increasing the solution temperature up to 500 °C.
The homogenous composition of the alloy after the solution
heat treatment caused the formation of a uniform protective
film. In this study, while many secondary phases exist in the
untreated alloy (Fig. 8 a), following the solution treatment
the volume fraction of the secondary phases decreased con-
siderably (Fig. 8 b). With immersion in Hank’s solution, the
alloy corroded homogenously (Fig. 8 c¢) and a uniform protec-
tive corrosion layer formed on the alloy surface, which could
inhibit the corrosion propagation (Fig. 8 e,d) [49].

It has been reported [42] that, after the solid solution heat
treatment, a more protective film forms on the surface of the
alloys with higher Zn content, and this covers the surface of

the alloy and acts as a barrier against the penetration of chlo-
ride ions [19]. For example, the film formed on an Mg-9Zn
alloy was reported to be more protective than a film formed
on an Mg-1.5Zn alloy in the solid solution state. Adding other
alloying elements such as Yb and Nd to the Mg-Zn alloys up
to 1% and 0.6%, respectively, further strengthened the surface
film and thus improved the corrosion resistance in the solid
solution condition [65]. The corrosion resistance improvement
during the solution treatment was mainly attributed to the sta-
bilization of the Mg matrix by the addition of Yb. However,
increasing the Yb content to 2 wt% resulted in some undis-
solved eutectic phases and relatively more severe corrosion
compared with the alloy containing only 1 wt% Yb in the
solution-treated state, where this is probably due to the micro-
galvanic corrosion between the undissolved secondary phases
and the «-Mg matrix [66]. Therefore, the type and amount of
the alloying elements, and the conditions of the solid solution
heat treatment in terms of time and temperature, are very ef-
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Ca(OH):
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Fig. 8. Schematic representation of the corrosion process in the T4-treated Mg-2Zn-0.5Nd-0.5Zr alloy. While there were many secondary phases present in
the untreated alloy (a), the volume fraction of the secondary phases decreased considerably after the solution treatment (b), which resulted in homogenous
corrosion (c). The uniform film formation process on the surface of the T4-treated alloy is shown in (d) and (e). Reproduced from [49].

fective parameters in controlling the corrosion behavior of the
Mg-Zn alloys and this should be considered in any attempt
to achieve the optimum desired properties.

4.1.3. The corrosion behavior of the Mg-Zn alloys after a
T6 heat treatment

The standard potential of magnesium is about -2.37 V
and for zinc it is -0.762 V versus a standard hydrogen elec-
trode (SHE). An Mg-Zn alloy containing secondary phases
is susceptible to galvanic corrosion due to the formation of
a galvanic battery between the secondary phases containing
zinc as the cathode and the magnesium matrix as the anode
[51]. An investigation compared the corrosion resistance of
the Mg-5.2Zn-0.03Mn (ZK60) alloy in the as-cast and T6
conditions and it was reported that, while the amount of
secondary phases were almost the same in both states, the
T6-treated sample showed minor corrosion resistance due to
the dispersed distribution of the precipitates along the grain
boundaries [27]. By contrast, the concentrated distribution of
the precipitates in the as-cast condition resulted in a better
corrosion resistance. In another study [67], the higher vol-
ume fraction of the secondary phases in the T6-treated alloy
compared to the as-cast alloy increased the amount of micro-
galvanic couples which accelerated the galvanic corrosion. In
this investigation, the presence of the Mg-Zn particles as a
robust cathode triggered the micro-galvanic corrosion in the
aged alloy. In addition, it was reported [68] that the aging
process cannot produce a thick and protective film on the
Mg-Zn-Ca-Mn alloys so pitting corrosion was activated to a
great extent [36].

An Mg-5Zn alloy was aged for different times (4, 6 and 10
h) at 230 °C in order to study the effects of the morphology,
distribution, and volume fraction of the Mg,Zny secondary
phases on the corrosion behavior [50]. By extending the ag-
ing time, more secondary phases were precipitated and their
dimensions increased up to ~2 wm after 10 h aging. Also,
the distribution, morphology, and volume fraction of the sec-
ondary phases changed with time and after 10 h the Mg,Zn,
secondary phase appeared as a continuous network. However,
the results from this study indicated that this continuous dis-
tribution of the Mg,Zny secondary phases were unable to act
as a corrosion barrier hindering the corrosion propagation.
Thus, by comparing different morphologies of the secondary
phases in an aged Mg-5Zn alloy, it was concluded that irre-
spective of the distribution of the Mg,Zny secondary phases
whether discrete or continuous, in both cases these phases act
as micro-cathodes and deteriorate the overall corrosion resis-
tance of the alloy. Fig. 9 shows severe corrosion pits in the
T6-treated alloy located at the grain boundaries and within
the grains at a high magnification. In this case, each corro-
sion pit is the result of a micro-galvanic corrosion caused by
the presence of the MgyZn, secondary phases [50].

Contrary to the T6-treated Mg-5Zn alloy, some researchers
[65,66] concluded recently that fine precipitates with homoge-
neous distributions are a barrier to corrosion whereas coarse
precipitates with random distributions act as micro-cathodes
and thereby intensify the galvanic corrosion. TEM was used
to investigate the secondary phases formed during the aging
heat treatment of Mg-5.8Zn-0.5Zr-xYb alloys (with Yb con-
tent varying from O to 2%) [66]. The TEM micrographs of
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Fig. 9. After immersing the aged Mg-5Zn alloy in a 0.1 M NaCl solution for 30 min, the corrosion pits appear both at the grain boundaries (a), and within
the grains (b). Reproduced from [50].
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Fig. 10. TEM micrographs of the Mg-5.8Zn-0.5Zr-2Yb alloy after the T6 treatment (a,b), together with the corresponding TEM-EDS results of the corresponding
precipitates (c). Reproduced from [66].

the Mg-5.8Zn-0.5Zr-2Yb alloy presented in Fig. 10 demon- at the boundaries. These secondary phases with different sizes
strate the presence of three types of secondary phases; dot- and distributions play different roles in the corrosion process
shaped Mg-Zn-YDb particles (point 1), rod-shaped Mg-Zn par- for these alloys. The coarse blocky particles that were discon-
ticles (point 2) inside the grains and a small number of coarse  tinuously located at the grain boundaries cause local corrosion
blocky Mg-Zn-Yb phases (point 3) which were mostly located  due to the significant potential difference between the magne-
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sium matrix and the relatively large intermetallic phase. In this
study, the corroded surface did not experience severe pitting
corrosion because these coarse particles were minimal. On
the other hand, for the fine Mg-Zn-Yb and Mg-Zn particles
distributed within the grains, an internal galvanic corrosion
was observed to occur uniformly along the matrix, forming
a passive film due to the very small sizes and the more uni-
form distribution. This passive film covered the entire surface
and prevented further corrosion activity, thus creating an anti-
corrosion barrier to protect the underlying magnesium surface
[66].

With increasing aging time, it was observed that the size
of the precipitates increased and the distribution of the pre-
cipitates became more inhomogeneous, where this can sig-
nificantly influence the corrosion behavior of the Mg alloys.
This was studied for an Mg-5.8Zn-2.0Yb-0.5Zr alloy [65].
Three kinds of samples were investigated, each aged for dif-
ferent times such that the under-aged sample (UA) was aged
at 200 °C for 8 h, the peak-aged sample (PA) was aged at
200 °C for 16 h and the over-aged sample (OA) was aged
at 200 °C for 24 h. It was concluded that the volume frac-
tion and the distribution of the precipitates were noticeably
different in these three samples (Fig. 11). The open circuit
potential (OCP), dynamic polarization and immersion tests
in Fig. 12 show that the PA sample exhibited a thermody-
namically stable film and the best corrosion resistance, where
the stable and compact film formed on the PA sample came
directly from the uniform and fine nano-precipitates. The cor-
rosion rates after the 240 h of immersion in an SBF solution
at 37 °C showed that the corrosion rate of the OA sam-
ple was up to 26-fold higher than for the PA sample and
multitudes of corrosion pits were observed on this sample
(Fig. 12c and d).

A peak aging condition (aging at 200 °C for 10 h, after
solutionizing at 510 °C for 3 h) in the Mg-1.2Zn-0.5Ca alloy
with fine and uniformly dispersed precipitates was reported
to improve the corrosion resistance and also the uniformity
of the corrosion compared to the as-cast alloy and other ag-
ing conditions [69]. In this study, the as-cast alloy had the
highest mass loss and degraded entirely after 28 days immer-
sion in the modified SBF while the 10 h aged alloy possessed
the lowest mass loss (Fig. 13). Therefore, the time and tem-
perature of the aging treatment strongly affect the corrosion
behavior of the Mg-Zn alloys depending on the composition
of the alloy.

To provide an easier comparison, a summary of the ef-
fects of different heat treatments on the corrosion behav-
ior of the biodegradable Mg-Zn alloys is presented in Ta-
ble 1. In this tabulation, the chemical composition of the
studied alloys is given in column 1, the processing condi-
tion is given in column 2, the corrosion media are presented
in column 3, the Mg-Zn phases are presented in column
4, the condition to achieve the best corrosion resistance is
given in column 5, some remarks are presented in column 6
and finally the corresponding references are given in the last
column.

4.2. Mechanical behavior

4.2.1. The mechanical behavior of the Mg-Zn alloys after a
T4 heat treatment

As already noted, the strength properties of the as-cast al-
loys after the solution treatment depend mainly on the two
opposing factors of solid solution strengthening and the soft-
ening induced by the dissolution of the secondary phases.
The former depends on some factors such as the severity of
lattice distortion due to the atomic size difference and the lat-
ter depends mainly on the thermal stability of the secondary
phases at the annealing temperature. It was reported that the
ultimate shear strength of an as-cast Mg-2Zn-1Gd-1Ca alloy
decreased up to 6% after solution treatment due to the disso-
lution of precipitates [24].

It has been reported [39] that a solution treatment at 400 °C
for 2 h removed the deformation twins and defects and also
homogenized the microstructure of the extruded ZK60 alloy.
Such microstructural changes correspond to some softening
which is reflected by the hardness reduction from 81.2 Hv in
the extruded sample to 68.1 Hv in the solution-treated sample.
More grain growth occurred by increasing the solution heat
treatment temperature from 400 °C to 500 °C, where the grain
size increased from 8.6 to 36 pwm. This increase led to a
further hardness reduction to 62.9 Hyv.

In another study, the strength of an as-forged Mg-6.7Zn-
1.3Y-0.6Zr alloy was compared with a T4-treated alloy
[41] and it was found that the mechanical properties of the
solution-treated alloy were influenced by two critical factors:
(1) grain growth and the dissolution of the MgZn, precipi-
tates and (2) the precipitation of nano-scale I-Mg;ZngY qua-
sicrystals. While the first factor deteriorates the mechanical
strength, the second factor has a strengthening effect. Over-
all, it was found that the mechanical properties of the alloy
were degraded slightly by the solid solution heat treatment.
There are also some reports of increasing the strength of the
Mg-Zn alloys after the solution treatment. For example, it
was reported that, by a solution heat treatment at 445 °C for
12 h, the ultimate tensile strength (UTS) of an as-cast Mg-
Zn-Ca alloy was improved significantly as the result of an
elimination of the casting defects, a homogenization of the
microstructure and also solid solution hardening [40].

In addition to strength, the solution heat treatment can also
affect the ductility of the Mg-Zn alloys. Thus, both a dete-
rioration [63] and an improvement [49] of the ductility af-
ter the solution heat treatment were reported. It should be
noted that two contrary factors control the ductility after the
T4 treatment since severe grain growth decreases the ductility
whereas the dissolution of the precipitates improves the ductil-
ity because of the easier dislocation movement. Accordingly,
it may be concluded that a solution treatment at intermedi-
ate temperatures can improve the ductility while using very
high temperatures may lead to some ductility reduction. This
is confirmed in experiments where the elongation of an as-
extruded Mg-27n-0.5Nd-0.5Zr alloy increased when the solu-
tion treatment temperature was below 500 °C [25]. However,
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Fig. 11. (a) The micro-hardness evolution during aging, (b-d) SEM micrographs of the UA, PA, and OA samples, (e) the TEM micrograph of the PA sample,
and (f) the EDS results of the precipitates in the PA sample, all for an Mg-5.8Zn-2.0Yb-0.5Zr alloy. Reproduced from [65].

when the solution temperature was higher, as at 550 °C, the
grain coarsening phenomenon became more pronounced and
this gave a decrease in the elongation. Fig. 14 shows the frac-
ture surface of this alloy after different conditions. According
to these SEM images, a cleavage fracture was observed on
the fracture surface of the sample heat-treated at 550 °C.

4.2.2. The mechanical behavior of the Mg-Zn alloys after a
T6 heat treatment

Generally, it is reasonable to anticipate that the aging treat-
ment will result in some strengthening due to the precipi-
tate strengthening effect and it is also common to lose some
ductility after the aging treatment. During aging, some pre-

cipitates become thermodynamically stable and thus the so-
lute atoms tend to diffuse and make clusters which gradually
evolve to precipitates by a progressive diffusional process.
Considering the mechanical strength, this is accompanied by
gaining some precipitate strengthening at the expense of los-
ing some solute strengthening. It was reported that there was
a considerable increase in the critical resolved shear stress
(CRSS) for basal slip in an Mg-4Zn alloy aged to peak aging
condition (aging for 100 h at 149 °C) by comparison with the
solution-treated sample 73. This was mainly attributed to the
interaction of B, precipitates with the basal dislocations. In
this case, these rod-shaped precipitates were elongated along
the c-axis of the matrix and thus could effectively inhibit the
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Fig. 12. (a) The OCP curves, (b) the dynamic potential polarization curves, (c) the corrosion morphology (both optical microscopy and SEM) after 24 h
immersion and (d) the corrosion rates after 240 h immersion. The corrosion solution was SBF at 37 °C, and the studied material was an Mg-5.8Zn-2.0Yb-0.5Zr

alloy. Reproduced from [65].
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Fig. 13. Optical micrographs showing the initial and corroded surfaces of the Mg-1.2Zn-0.5Ca alloy in the as-cast (top row) and aged (bottom row) conditions.
Samples were immersed in the SBF solution (with a pH range of 7.3-7.8) at 37 °C for 3, 7, 14, 21 and 28 days. Reproduced from [69].

motion of dislocations on the basal planes (Fig. 15). In an-
other study, a considerable increase in creep resistance was
reported in an aged Mg-4Zn alloy [43]. All of these reports
indicate that the Mg-Zn precipitates can effectively strengthen
the aged Mg-Zn alloys both at room temperature and at ele-
vated temperatures.

The amount of strengthening obtained by the aging treat-
ment depends strongly on the Zn content. In this regard, it
was reported that by increasing the Zn content of Mg-Zn al-
loys both the yield stress and the ultimate tensile strength
increase, where this was mainly attributed to the grain refin-
ing effect of Zn together with the increased solid solution and
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Table 1
Effects of different heat treatments on the corrosion behavior of biodegradable Mg-Zn alloys in summary
Composition Condition Corrosion media  Containing Best corrosion Remarks Reference
phases resistance
Mg-2Zn-1Gd- As-extruded & T4 Hanks’ solution ‘W-phase MgZn, T4 at 510 °C for  Enhanced corrosion resistance by [45]
0.5Zr Sh the dissolution of the secondary
phases into the matrix and uniform
composition during the T4
treatment
Mg-2Zn-1Mn As-extruded, T4 Ringer’s solution ~ Mg7Znj3 T4 at 510 °C for  Corrosion resistance improvement [63]
& T5 MgxMny 4h due to the best film protection and
lower defects in the T4 condition
Mg-3Zn-0.3Ca As-cast & T4 Kokubo’s SBF CayMgeZn3 T4 at 420 °C for Lower corrosion rate was obtained [44]
24 h as a result of a balance between the
grain size and volume fraction of
the secondary
phases by properly adjusting the
time and temperature of the T4
treatment
Mg-1.2Zn-0.5Ca As-cast & T6 Modified SBF CayMggZnj T6: at 510 °C for  Reduction of the galvanic corrosion [69]
3 h with due to the homogenous distribution
subsequent aging  of the fine precipitates after the T6
at 200 °C for 2 h  treatment
Mg-9Zn As-cast & T4 Kokubo’s SBF Mgs1Znyo T4 at 340 °C for  Reduction of the micro-galvanic [42]
Mgi2Zn3 18 h corrosion due to the dissolution of
the secondary phases by the T4
treatment
Mg-5.8Zn-0.5Zr- T4 & T6 SBF Mg-Zn-Yb and T4 at 400 °C for Corrosion resistance enhancement [66]
xYb Mg-Zn phases 24 h due to the stabilization of the Mg
matrix by Yb addition in the T4
state
Mg-2Zn-0.5Nd- As-extruded & T4 Hanks’ solution Mg-Zn Mg,Nd T4 at 500 °C for  Uniformity in composition, layer [49]
0.5Zr 5h protection and less galvanic
corrosion by the T4 treatment
Mg-4Zn-0.5Zr As-cast & T4 DMEM + 10% Mg7Zn3 T4 at 300 °C for  Decrement of the secondary phases [47]
FBS 1h volume fraction and reduced
micro-galvanic corrosion by the T4
treatment
Mg-3Zn-xAg As-extruded & T4 SBF MgsiZnyo T4 at 400 °C for  Improved corrosion resistance by [70]
Ag17Mgsy 8 h the dissolution of secondary phases
and segregation removal during the
T4 treatment
Mg-5.2Zn- As-extruded & T4 SBF & MgZn; T4 at 500 °C for =~ Minimizing the corrosion rate by [71]
0.03Mn DMEM + 10% 2h the T4 treatment due to the
FBS twin-free microstructure and the
uniform matrix
Mg-5.8Zn-2.0Yb-  T6 (UA, PA and SBF Mg-Zn PA condition: at A tight and stable protective film [65]
0.5Zr OA) andMg-Zn-Yb 400 °C for 48 by denser and more homogeneous
phases with subsequent nano-precipitates at the T6 (PA)
aging at 200 °C condition
for 16 h
Mg-5Zn-xCa As-cast & T4 Hank’s solution CayMgeZn3 T4 at 445 °C for  Reduction of the micro-galvanic [72]
Mg,Ca 12 h corrosion by the dissolution of a

large amount of the secondary
phases and more homogenous
microstructure in the T4 state

precipitation strengthening effects [29]. Moreover, the aging
behavior strongly depends on other alloying elements added
to Mg-Zn alloys. For example, it was reported that with the
addition of 2% Yb to an Mg-Zn-Zr alloy a much higher den-
sity of nano-scaled precipitates was formed and this consider-
ably improved the mechanical strength of the alloy [34]. By
the addition of alloying elements, precipitates other than Mg-
Zn phases can also contribute to the strengthening. The solid

solution strengthening and precipitate strengthening by the
MgZn,, Mg,Zn3, and CayMgeZn; intermetallic compounds
caused a substantial strengthening effect in a biodegradable
Mg-27Zn-0.5Ca-1.0Mn alloy artificially aged at 175 °C for 8
h [74].

In addition to the as-cast alloys, the aging treatment was
also performed on wrought alloys. Thus, a T6 heat treatment
at 170 °C for 10 h was conducted on an as-extruded ZK60
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T4- 450 °C

Fig. 14. SEM micrographs showing the fracture surfaces of the Mg-2Zn-0.5Nd-0.5Zr alloy in the as-extruded condition (a), and also after the T4-treatment at

450 °C (b), 500 °C (c) and 550 °C (d). Reproduced from [49].

alloy after a T4 treatment at 500 °C for 2 h. In this case,
the high temperature of the solution treatment caused consid-
erable grain growth and thus a coarse precipitation of MgZn
secondary phases at the grain boundaries which led to a slight
decrease in YS and UTS. Also, some ductility enhancement
was achieved after the aging treatment due to the elimination
of microstructural defects: for example, defects such as the
work-hardening effects introduced during the extrusion pro-
cess and the corresponding residual stresses and the thick and
non-uniformly distributed secondary phases present in the mi-
crostructure of the extruded alloy [51].

Typically, the mechanical strength decreases after the peak
aging condition which is attributed to a coarsening of the
precipitates. Fig. 10 shows two types of precipitates in an
Mg-Zn-Yb-Zr alloy in the peak-aged alloy: (1) rod-shaped
Mg-Zn precipitates of 50-100 nm in length and (2) dot-like
Mg-Zn-Yb precipitates with diameters of 20-50 nm. These
precipitates are responsible for the microhardness increment
in the early stages of the aging heat treatment, while ex-
tending the time of the process causes coarsening of the
precipitates and this produces a microhardness decrement.
In another report [69], the mechanical strength of an Mg-
1.27Zn-0.5Ca alloy was improved by the aging heat treat-

ment and reached a maximum level at 3-5 hours of aging
(peak-age duration). Further increase in the aging time led
to a lower number density of the Ca,MgsZn; fine precipi-
tates, and therefore the mechanical strength of the alloy was
decreased.

Table 2 is presented for an easier understanding and pro-
vides a comparison of different effects of heat treatments on
the mechanical properties of biodegradable Mg-Zn alloys. In
this table, the chemical composition of the studied alloy, the
processing condition, the time and temperature of the best
heat treatment condition, the mechanical properties of the
heat-treated alloys (yield strength, ultimate tensile strength
and elongation), and some remarks are presented in columns
1-7, respectively, and finally the corresponding references are
given in the last column.

5. The effects of heat treatment on the Mg-rare earth
alloys

Incorporation of biocompatible rare earth (RE) elements
can substantially promote the bioperformance of biodegrad-
able Mg alloys. In this section, the effects of heat treatment
(T4 and T6) on the corrosion behavior and mechanical charac-



1752 M. Mohammadi Zerankeshi, R. Alizadeh, E. Gerashi et al./Journal of Magnesium and Alloys 10 (2022) 1737-1785

20 nm

Aged at 149 °C

—_

Fig. 15. Scanning transmission electron microscope (STEM) micrographs obtained from the planes perpendicular to the basal planes (a,b), and high-resolution
transmission electron microscopy micrographs obtained from the planes parallel to the basal planes (c,d), showing the morphology of the ﬂi precipitates in
the aged Mg-4Zn alloy. The aging temperature is given at the left bottom corner of each image where the samples in (a, ¢ and d) were aged at 149 °C for
100 h, and the sample in (b) was aged at 204 °C for 16 h. Reproduced from [73].

teristics of some well-known and heat-treatable Mg-rare earth
alloys such as Mg-Gd, Mg-Y and Mg-Nd alloys are compre-
hensively discussed and reviewed.

5.1. Corrosion behavior

5.1.1. The corrosion behavior of the Mg-rare earth alloys in
the as-cast condition

Gadolinium (Gd) is one of the common RE elements that
has been widely used in the biodegradable Mg alloys with the
intention of improving the mechanical properties, corrosion

behavior, and biocompatibility [75]. The as-cast microstruc-
ture of the Mg-Gd alloys is mainly composed of primary
a-Mg, dendrites and secondary phases which form a network
structure. Gd has a high solid solution solubility in the «-
Mg matrix which approaches the maximum solid solubility
of 23.5 wt% at 548 °C. Therefore, the majority of Gd is
concentrated in the a-Mg solid solution and thus the vol-
ume fraction of secondary phases is not significant, leading
to lower galvanic corrosion in the as-cast condition of the
biodegradable Mg-Gd alloys compared to other Mg-based al-
loys with less solid solution solubilities [76]. The addition
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Table 2
Effects of different heat treatments on the mechanical properties of the biodegradable Mg-Zn alloys in summary
Composition Condition Time & Mechanical properties Remarks Reference
temperature of
heat treatment ~ YS UTS Elongation
Mg-2Zn-1Gd- EX + T4 At 400, 450, and Decreased Decreased Decreased Decrement in the mechanical [45]
0.5Zr 510 °C for 5 h properties due to the reduction in
the second phase strengthening and
also grain growth by the T4
treatment
Mg-4Zn-0.5Zr As-cast + T4 At 300 °C for 1 h Decreased Decreased Unchanged A slight decrease in the YS and [47]
UTS of solution-treated alloy
compared to as-cast alloy due to
grain coarsening
Mg-5.8Zn-0.5Zr-  As-cast + T6 At 565 °C for 24 Increased Increased Decreased Improvement of the UTS and YS [66]
xYb h and at 300 °C by the T6 treatment due to the
for 20 h formation of numerous fine
precipitates
Mg-2Zn-1Mn EX + T4 At 510 °C for 4 h Decreased Decreased Decreased Decreased mechanical properties of  [63]
the T4-treated alloy due to grain
growth
Mg-1.2Zn-0.5Ca  As-cast + T6 At 510 °C for 3  Increased Increased Increased Elongation improvement and [69]
h with subsequent reduction in cracking tendency by a
aging at 200 °C uniform distribution of the
for 2 h finely-dispersed precipitates in the
T6 condition
Mg-2Zn-0.5Nd- EX + T4 At 500 °C for 5 h Decreased Decreased Increased Elongation improvement due to the  [49]
0.5Zr lower density of dislocations in the
T4 condition
Mg-2Zn As-cast + T6 At 465 °C for 12 Increased Increased Decreased Improvement of strength after the [74]
0.5Ca-xMn h with subsequent T6 treatment due to the effect of
aging at 175 °C solution and dispersion
for 8 h strengthening
Mg-5Zn-xCa As-cast + T4 At 445 °C for 12 Decreased Increased Increased YS reduction due to the grain [72]
h growth. UTS and elongation

improvement due to reduction in
defects as well as a more
homogenous microstructure

of other alloying elements to Mg-Gd binary alloys signifi-
cantly affects the properties of the as-cast Mg-Gd alloys by
modifying the microstructure and mainly by increasing the
volume fraction of the secondary phases. For example, it has
been reported [77] that the high amount of the MgsGd and
Mg,Ca secondary phases in the as-cast microstructure of the
Mg-10Gd-1.2Ca-0.5Zr alloy, due to the addition of the alloy-
ing elements, accelerated the corrosion rate by promoting the
galvanic corrosion.

The corrosion behavior of the magnesium alloys depends
strongly on the protectiveness of the surface hydroxide-based
corrosion products and, interestingly, it has been reported that
Gd improves this protective film [78]. According to a report
[76], the Gd boosted the magnesium hydroxide layer and the
Gd>* cations substituted the Mg+ cations in a brucite lattice.
The Gd3* cations interacted with C1~ anions, which mitigated
the penetration of Cl~ anions in the hydroxide layer to the
metallic substrate thereby producing a lower corrosion rate.

The Mg biodegradable alloys with long period stacking
order (LPSO) structures have received significant attention in
recent years due to their exceptional mechanical and corrosion

properties. The LPSO phases are three-dimensional stacking
and chemically ordered structures that have been reported in
the Mg-M-RE systems (M: Al, Ni, Gd, Cu, and Zn, while
RE: Y, Gd, Dy, Ho, Er, Tb and Tm). The LPSO phase has
a considerable effect on the corrosion behavior of Mg-Gd
biodegradable alloys and plays a dual role in tailoring the cor-
rosion rate. They can either promote the filiform corrosion or
act as a corrosion barrier [79]. It has been reported [80] that
the LPSO structure in the as-cast Mg-3Gd-1Zn-0.4Zr alloy
acted as a corrosion barrier between the matrix and the eu-
tectic phase by forming at the outer edge of the matrix-grains,
leading to a lower level of the micro-galvanic corrosion.
Yttrium (Y) is another interesting RE element to be uti-
lized in biodegradable Mg implants which can induce many
desirable properties. The Mg-Y alloys exhibit unique corro-
sion properties due to the equality of the standard electro-
chemical potential of Y with Mg (—2.37 V relative to the
standard hydrogen electrode). The element Y shows no or
relatively low signs of toxicity in the human body so that it
is a common alloying element in the biodegradable Mg alloys
[81,82]. The microstructure of the as-cast Mg-Y alloys mainly
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consists of the «-Mg dendrites and the eutectic phases. The
concentration of the solutes in the w-Mg is reported to be
inhomogeneous and this inhomogeneity becomes more pro-
nounced with a higher concentration of the alloying elements
[83].

The incorporation of Y in the oxide film and also the pre-
cipitation of the Y-containing intermetallic compounds are the
main two contributors in determining the corrosion behavior
of the Mg-Y alloys. While the Mg-Y intermetallic compounds
(e.g., Mgy4Ys) may lead to micro-galvanic corrosion and thus
accelerate the corrosion rate, Y can also become incorporated
into the surface film and enhance the oxide film protection
effect, thereby producing a corrosion resistance improvement
[84,85]. According to [86], significantly improved corrosion
resistance of the Mg-5.3Y-2.1Nd-0.9Gd-0.3Zr (WE54) alloy
was attributed to the stabilization of the surface oxide layer by
the Y and a scavenger effect of an RE addition. The impact of
Y on the stabilization of the corrosion film is a distinguishing
characteristic of this element which plays a determinant role
in controlling the corrosion properties of the biodegradable
Mg-Y alloys.

In addition to Gd and Y, Neodymium (Nd) is considered
as another promising RE element to improve the mechani-
cal properties and corrosion resistance of the biodegradable
Mg alloys [87]. The biodegradable Mg-Nd-RE alloys with
enhanced biocompatibility and antibacterial properties have
been widely investigated [88-91]. The presence of Nd pro-
duces no cell toxicity making it a convenient alloying element
for the Mg alloys in biomedical applications [92]. The max-
imum solid solubility of Nd in Mg is 3.6 at% at the eutectic
temperature, but this is reduced sharply by decreasing tem-
perature thereby indicating that the binary Mg-Nd alloy can
be considered as a heat-treatable alloy. The dendritic struc-
ture, solute segregation, and inhomogeneous distribution of
the secondary phases are the main microstructural character-
istics of the as-cast Mg-Nd alloy [93]. The secondary phases
play a dual role in affecting the corrosion behavior of the
as-cast Mg-Nd alloys. These phases can act as a corrosion
barrier and hinder any further corrosion propagation, while
they can also act as the micro-cathodes and thus accelerate
the micro-galvanic corrosion [94].

5.1.2. The corrosion behavior of the Mg-rare earth alloys
after a T4 heat treatment

Substantial changes occur with the solid solution heat treat-
ment in the microstructure of the Mg-RE biodegradable al-
loys. In the case of Mg-Gd alloys, the high solution treatment
temperature leads to a decrease in the number of secondary
phases and generates a supersaturated solid solution, resulting
in the mitigation of the micro-galvanic corrosion and thus a
lower corrosion rate. It was observed [95] that although the
solution treatment of the Mg-15.24Gd-4.75Zn alloy at 540 °C
for 4 h did not result in complete dissolution of the W-phase
into the matrix, it limited the number of secondary phases
and this resulted in a lower level of the micro-galvanic corro-
sion. On the other hand, as discussed earlier, grain growth is
another notable phenomenon during the solution treatment. It

has been reported [96] that the solution heat treatment of the
Mg-10Gd at 525 °C for 24 h increased the grain size of the
extruded alloy from 24 pm to 140 pm. As mentioned pre-
viously, the grain size and volume fraction of the secondary
phases are two important factors that determine the overall
corrosion rate of the biodegradable Mg alloys, and the best
corrosion performance can be obtained with a balanced grain
size and secondary phase volume fraction. In this regard, it
was concluded [97] that the addition of Zn to the as-cast Mg-
2Gd alloy decreased the grain size of the alloy and increased
the volume fraction of the secondary phase. Subsequent so-
lution treatment at 420 °C for 24 h balanced the secondary
phase content and the grain size. In this study, the solution-
treated Mg-2Gd-4Zn alloy exhibited the lowest corrosion rate
(Fig. 16).

The formation of the protective film plays a vital role in the
corrosion behavior of the biodegradable Mg-Gd alloys. The
solid solution heat treatment generates a more homogenous
microstructure with a more uniform distribution of the alloy-
ing elements existing in a supersaturated form, where this can
help to form a better passivation layer that acts as a protective
film. It has been reported [98] that the solution treatment of
the Mg-7Gd-3Y-0.4Zn (GW73K) alloy at 520 °C for 8 h cre-
ated a compact yellowish corrosion film. This tight corrosion
film covered the surface and caused no localized corrosion
on the surface of the alloy. Fig. 17 presents the results of the
weight loss test after immersion in 5 wt% NaCl. According
to these results, the T4 treatment remarkably decreased the
corrosion rate by forming a tight corrosion film.

It is generally believed that the LPSO structure formation
depends on the Gd content. The Gd atoms diffuse from the
secondary phases and the LPSO structure to the o-Mg matrix
throughout the solid solution heat treatment of the Mg-Gd al-
loys. Thus, the volume fraction of the LPSO structure varies
during the heat treatment. A solid solution heat treatment was
conducted on the as-cast Mg-6Gd-1.2Cu-1.2Zr alloy at four
different temperatures (360, 390, 420, and 450 °C) for 12 h
and, due to the composition and thermodynamic requirements
of the LPSO structure formation, the volume fraction of the
LPSO structure was the highest in the solution-treated alloy
at 360 °C (T4-360) (Fig. 18b) 99. However, the LPSO struc-
ture disappeared at 450 °C due to the lack of Gd (Fig. 18e).
According to mass loss and hydrogen evolution tests, the T4-
360 alloy exhibited the best corrosion resistance, which was
proof of the favorable effect of the LPSO on the corrosion
properties. The LPSO structure acted as a barrier between the
secondary phases and the «¢-Mg matrix, impeding the micro-
galvanic corrosion. On the other hand, the T4-450 alloy suf-
fered from severe galvanic corrosion due to lack of the LPSO
structure, the large grain size and the dominant galvanic cor-
rosion effect by the secondary phase, thereby exhibiting the
weakest corrosion resistance.

The volume fraction of the secondary phase and its local
potential in relation to the Mg matrix determine the overall
severity of the micro-galvanic effect. It has been observed
[100] that a new X phase with a 14H-type LPSO structure
transformed during the solution treatment of the Mg-15Gd-
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Fig. 17. The corrosion rates of the as-cast, T4-treated, and T6-treated GW73K alloy in the 5 wt% NaCl solution at 25 & 2 °C for duration of 72 h. Reproduced

from [98].

27n-0.39Zr alloy at 500 °C for 35 h. In this study, the as-cast
alloy possessed the highest volume fraction of the secondary
phases and a local potential difference of 290 mV, result-
ing in a high hydrogen evolution rate. The solution treat-
ment caused a decrement in the volume fraction of the sec-
ondary phase from 42.8% to 27.0% and the generation of

a new LPSO phase with a local potential difference of 243
mV. Therefore, the micro-galvanic corrosion was consider-
ably mitigated by comparison with the as-cast alloy (Fig. 19).
On the other hand, the solution treatment of the Mg-3Gd-
1Zn-0.4Zr (GZ31K) alloy at 535°C for 12 h caused the dis-
solution of both the eutectic phase and the stacking faults
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Fig. 18. The morphology of the LPSO structure in the Mg-6.0Gd-1.2Cu-1.2Zr alloy, in the as-cast (a), and also solution-treated states (b-e), where the solution
temperature was 360 °C (b), 390 °C (c), 420 °C (d), and 450 °C (e). Reproduced from [99].

(SFs) and precipitation of abundant needle-like particles [80].
The SFs at the outer edge of the matrix grains played the
same role as the LPSO structure and protected the grains
against the corrosion propagation. Hence, the solid solution
heat treatment in this study reduced the corrosion resistance.
Fig. 20 depicts the corrosion process schematic diagram of
the GZ31K alloy in the as-cast, T4, and as-extruded condi-
tions in which the T4-treated alloy, with no stacking fault
structures, in the later stages of the corrosion was severely
damaged.

In another study [76], the formation of new MgsGd par-
ticles during the solution treatment of an Mg-5Gd alloy at
500 °C for 30 h reduced the corrosion resistance of the alloy.
It was observed that with the formation of the new MgsGd
particles, the «-Mg matrix was depleted from Gd, and the
amount of Cu was increased to 0.4% in the new particles,

which increased the nobility of the new phases, all of which
resulted in a reduced corrosion resistance.

The implementation of T4 treatment on Mg-Y alloys has
shown great promise. The solid solution heat treatment of
the as-cast Mg-Y alloys reduces the residual casting stresses,
decomposes and decreases the eutectic phases, increases the
uniformity of the elemental distribution through the matrix
and generates a supersaturated solid solution with the Y el-
ement [101]. All of these changes favor the corrosion resis-
tance and effectively can decrease the corrosion rate [102].
Dissolution of the secondary phases during the solution treat-
ment is one of the most important microstructural changes.
According to 81, the solution treatment of the as-cast Mg-4Y-
1Ag alloy at 525 °C for 3 h eliminated the coarse Mgy Ys
particles and reduced the corrosion rate by almost one-half
compared with the primary as-cast alloy. At the same time,
the solution treatment was practically ineffective in the case of
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Fig. 20. Schematic representation of the corrosion process in the as-cast (a-d), solution-treated (e-h) and as-extruded (i-1) GZ31K alloy. Reproduced from [80].
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Fig. 21. The corrosion rate of the as-cast and heat-treated alloys, immersed in DMEM + 10% FBS for 7 days: (a) Mg-4Y-1Ag alloy, and (b) Mg-4Y alloy. The
macrostructures of the as-cast and heat-treated alloys after the corrosion test are presented in (c), where: (1) as-cast Mg-4Y-1Ag, (2) T4-treated Mg-4Y-1Ag,
(3) T6-treated Mg-4Y-1Ag, (4) as-cast Mg-4Y, and (5) T4-treated Mg-4Y. Reproduced from [81].

the Mg-4Y alloy due to its better microstructural homogene-
ity in the as-cast condition (Fig. 21). Therefore, the extent
of microstructural changes, and thus the extent of change in
the corrosion properties by the solution treatment, is strongly
related to the concentration of the alloying elements in the
as-cast conditions. Fig. 21c shows the macrostructures of the
Mg-4Y and Mg-4Y-1Ag alloys in both the as-cast and T4-
treated conditions, after immersion in Dulbecco’s modified
eagle medium (DMEM) with 10% Fetal Bovine Serum (FBS)
for 168 h. The results indicate more severe corrosion pits on

the as-cast Mg-4Y-1Ag alloy compared to the T4-treated al-
loy due to the improved homogeneity in the solution-treated
conditions.

As discussed earlier, the element Y can be incorporated
in the corrosion products as Y,O; (and partly as Y(OH)3)
and thus enhance the protecting effect of the corrosion film.
In addition, the dissolution of Y into the o-Mg matrix can
improve the protective nature of the corrosion film and the
film containing the Y element becomes more uniform [103].
Fig. 22 shows the corrosion morphologies of the as-cast and
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Fig. 22. SEM micrographs of the corroded samples of the Mg-2Y-1Zn-0.4Zn-0.3Sr alloy, both prior to (left) and after (right) removal of the corrosion products.
The samples were immersed in the SBF solution (37 °C) for 45 min. The results are for the as-cast (a,b) and T4 (c,d) conditions. Reproduced from [104].

T4-treated Mg-2Y-1Zn-0.4Zn-0.3Sr alloy both prior to and
after removal of the corrosion products from the samples im-
mersed in the SBF [104]. As can be observed, the corrosion
layer of the T4-treated alloy is relatively uniform and presents
lower micro-galvanic corrosion couples compared to the as-
cast alloy.

In another investigation [105], the influence of Y on the
corrosion properties of the heat-treated Mg-Y alloys was stud-
ied. The corrosion rate was first decreased and then increased
with increasing Y content (3-7 wt%) and the Mg-2Y alloy
showed significantly different corrosion properties among the
studied alloys. The single-phase solid solution and a lower
number of Y-containing intermetallic compounds caused the
Mg-2Y alloy to exhibit an extraordinary protective surface
film (Fig. 23). By contrast, alloys with more Y concentrations
suffered from severe filiform corrosion induced by a large
amount of Y-containing intermetallic compounds. In conclu-
sion, the presence of Y in the solid solution form improves
the corrosion resistance by forming a protective surface film,
while the Y-containing intermetallic compounds deteriorate
the corrosion resistance by accelerating the micro-galvanic
corrosion.

Remarkable modifications of corrosion features of Mg im-
plants have been reported after the execution of T4 treatment
on Nd incorporated Mg alloys. By solution treatment of the

Mg-Nd alloys, the micro-segregation of the alloying elements
and volume fraction of the secondary phases decrease and
this seems to improve the corrosion resistance compared to
the as-cast condition. However, some grain growth also oc-
curs [76,106]. The as-cast Mg-Nd alloys possess a higher
volume fraction of the secondary phases due to the lower
solid solubility of the Nd in Mg at low temperatures com-
pared to elements like Gd and Zn. Thus, the galvanic corro-
sion strongly affects the biodegradation behavior of the Mg-
Nd alloys. For this reason, heat treatment is considered as
a valuable tool for the modification of the microstructure to
control the corrosion behavior, as well as mechanical prop-
erties of the biodegradable Mg-Nd alloys. In this regard, it
has been reported [76] that the solid solution heat treating of
the Mg-4Nd alloy at 520 °C for 20 h improved the corrosion
resistance by partial dissolution of the eutectic Mg;,Nd phase
in the Mg matrix, and this led to a lower galvanic corrosion
rate.

An investigation was conducted to determine the effect
of 12 h solution treatments at different temperatures (500,
520, 540, and 560 °C) on the corrosion properties of the as-
extruded biodegradable Mg-2.25Nd-0.11Zn-0.43Zr (NZ20K)
alloy [88]. It was observed that grain growth and the de-
crease of the volume fraction of the precipitates significantly
influenced the corrosion properties. The best corrosion resis-
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Fig. 23. SEM micrographs, showing the corroded surfaces of the Mg-xY (x = 2, 3, 4 and 7) alloys after immersion in the 0.1 M NaCl solution for 72 h. (a)
Mg-2Y, (b) Mg-3Y, (c) Mg-4Y, and (d) Mg-7Y. Reproduced from [105].

Solution-treated

Fig. 24. The corrosion morphologies of the Mg-2.5Nd-0.3Zn-0.15r-0.4Zr alloy after immersion in SBF for 120 h: (a) the as-cast condition, and (b) the
T4-treated condition. Reproduced from [93].

tance was achieved after the solution treatment at 540 °C due the 62% observed increase in the corrosion rate compared to
to a balance between the positive effect of the dissolution the alloy solution-treated at 540 °C. In another investigation
of the secondary phases and the negative impact of the grain [107], a solution treatment of the Mg-2.7Nd-0.2Zn-0.4Zr al-
growth. In this study, the solution-treated alloy at 560 °C suf- loy at 475 °C for 1 h, considered for a cardiovascular stent
fered from irregular grain growth which was responsible for  application, improved the corrosion resistance. A compromise
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Fig. 25. TEM micrographs of the LPSO phase in the Mg-15.24Gd-4.75Zn alloy in different conditions: (a) T6-treated, and (b) T6F-treated. The corresponding
SAED patterns of (a) and (b) are represented in (c) and (d), respectively. Reproduced from [95].

between the grain size and volume fraction of the secondary
phase was obtained at 475 °C leading to a minimum corrosion
rate.

It has been reported [108] that a solution treatment of
the Mg-1.59Nd-2.91-Zn-0.05Zr-0.35Mn (NZKM) alloy at 480
°C for 10 h changed the continuous distribution of the S-
(MgNd)4Zn; phase (S-compounds) in the as-cast condition
to discontinuous necklace-type distribution. The S-compounds
acted as a cathode and accelerated the micro-galvanic corro-
sion in both the as-cast and T4-treated conditions. However,
with the propagation of corrosion, the B-compounds in the
solution-treated alloy piled off from the «-Mg matrix due to
the lack of a stable attachment, resulting in a lower volume
fraction of the cathodic phase and thus remarkably increased
the corrosion resistance.

Contrary to the studies already described, it has also been
reported [93] that a solution treatment decreased the corro-
sion resistance of the as-cast biodegradable Mg-2.5Nd-0.3Zn-
0.1Sr-0.4Zr alloy. The deterioration of the corrosion resistance
was mainly attributed to grain growth and the presence of a

discontinuous intermetallic phase. The eutectic phase in the
as-cast alloy was distributed relatively continuously, which
wrapped the Mg matrix and acted as a corrosion barrier that
could hinder the corrosion propagation. The solution treat-
ment changed the continuous form of the eutectic phase into
a discontinuous scattered form with a lower volume frac-
tion, and thus the barrier effect was effectively diminished.
Fig. 24 shows the corrosion morphology of the as-cast and
T4-treated alloy after immersion in SBF for 120 h. The width
of the micro-cracks on the corroded surface demonstrates the
extent of the corrosion. The width of the micro-cracks was
thicker in the T4-treated alloy than the as-cast alloy which
shows that the solution-treated alloy possessed lower corro-
sion resistance.

5.1.3. The corrosion behavior of the Mg-rare earth alloys
after a T6 heat treatment

Aging is another important heat treatment process which
has significant impacts on the corrosion behavior of Mg-RE
alloys. It is important to note that the size, distribution, mor-
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phology, and volume fraction of the precipitates after the T6
heat treatment dictate the corrosion behavior of the Mg-RE
alloys. For instance, with the modification of microstructure
and re-precipitation of new precipitates during the aging heat
treatment, the micro-galvanic corrosion will be a decisive fac-
tor in determining the corrosion behavior of the Mg-Gd al-
loys. As discussed before and according to Eq. 1, the cathode
to anode surface area ratio is an essential item in assessing
the corrosion rate. It has been reported [98] that the size of
the precipitates in the T6-treated Mg-7Gd-3Y-0.4Zr (GW73K)
alloy was in the range of nanometers, while large particles in
the range of micrometer were observed in the as-cast alloy.
As a result, the galvanic corrosion was more severe in the as-
cast alloy, and numerous corrosion pits having great depths
were observed on these samples.

Another factor that affects the corrosion behavior of the
aged Mg-Gd alloys is the LPSO structure. There is a report
of a study on the effects of two different aging heat treat-
ments on the microstructure and corrosion behavior of an as-
cast Mg-15.24Gd-4.75Zn alloy 95. The first type of the heat
treatment was solution treating at 540 °C for 4 h with subse-

quent aging at 450 °C for 10 h (T6) and the other type was s
solution treatment at 540 °C for 4 h but this time the sample
was furnace cooled (T6F). The LPSO structure, which was
absent in the as-cast alloy, was formed within the aging pro-
cess by the atomic diffusion. Fig. 25 shows the bright-field
TEM images of the LPSO structure in the T6 and T6F sam-
ples. The LPSO structure in the T6 and T6F samples were
discontinuous/dense and long/thick, respectively. The results
of the hydrogen evolution tests revealed that the T6-treated al-
loy with dense distribution of the LPSO structure had the best
corrosion resistance (Fig. 26a) and its corrosion rate reached
the lowest 4.98 mm/y value (Fig. 26b). In this study, the
LPSO structure in the T6-treated alloy occupied the whole
of the w-Mg grains and reduced the exposed surface area to
corrosion media, where this decreased the overall corrosion
rate. The lamellar LPSO structure acted as an anode against
the W-phase cathode during the micro-galvanic corrosion and
obstructed the penetration of the corrosive ions. Fig. 26¢ de-
picts a schematic of the corrosion process of the T4-treated
and T6-treated alloys and the influential role of the LPSO
structure in enhancing the corrosion resistance.
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Reproduced from [75].

Contrary to the previous work, while the as-cast Mg-5Gd-
1Zn-0.6Zr (GZ51) alloy contained the LPSO structure, aging
at 120 °C for 12 h (after T4 treatment at 535 °C for 12
h) did not result in further LPSO formation and instead, the
LPSO structure disappeared after this heat treatment [75]. In
this study, after aging the eutectic phase and LPSO structure
faded and new needle-like precipitates were formed. The im-
mersion tests in SBF for 120 h disclosed numerous pits on the
surface of the T6-treated alloy (without the LPSO structure)
while the as-cast alloy (with the LPSO structure) exhibited
a smooth and uniform surface. In this investigation, signif-
icantly improved corrosion resistance of the alloys with the
LPSO structure was attributed to two main factors: (1) an en-
hanced passivation ability of the substrate material in forming
a compact film on the surface by means of the LPSO struc-
ture and (2) the barrier role of the LPSO structure between the
substrate and the eutectic phase. Fig. 27a and Fig. 27b show
the results of the hydrogen evolution test and weight loss test

after immersion in SBF. Fig. 27c¢ demonstrates a schematic
diagram of the corrosion processes of the as-cast and T6-
treated GZ51K alloy with and without the LPSO structure in
which the loss of the LPSO structure in the aged alloy caused
severe corrosion damage.

The re-precipitation of the secondary phases during the
aging treatment affects the corrosion properties of the Mg-Y
alloys in many different ways. The precipitate would act as
a cathode and accelerate the micro-galvanic corrosion. Also,
the phases can contribute to forming a more pronounced pas-
sive layer which inhibits any further corrosion propagation
and decreases the overall corrosion rate. It has been reported
[83] that the solution treatment of the as-cast Mg-5Y-1.5Nd
alloys at 535 °C for 20 h with subsequent aging at 225 °C for
different times (6, 14, and 24 h) deteriorated the corrosion re-
sistance by increasing the micro-galvanic couples. While the
T6-24 h (overaged) alloy exhibited the highest amount of the
bulky secondary phases and the highest corrosion rate, the
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Fig. 28. The results of the weight loss test for the Mg-5Y-1.5Nd alloy in the as-cast, T4, T6 (6 h), T6 (14 h) and T6 (24 h) conditions. The samples were
immersed in the 3.5% NaCl solution for 24 hours. Reproduced from [83].

Fig. 29. SEM images of the extruded biodegradable Mg-5Nd alloy after different conditions: (a) T4 treatment, (b) T6 treatment at 200 °C, and (c) T6 treatment
at 245 °C. TEM bright-field micrograph of the sample aged at 200 °C is shown in (d). Reproduced from [110].
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Fig. 30. SEM micrographs showing the morphology of the corrosion surfaces of the biodegradable Mg-5Nd alloy after immersion for 1, 7, and 14 days in
DMEM + Glutamax solution. T4 refers to the sample solution treated at 530 °C for 24 h, A200 refers to the sample aged at 200 °C, and finally, A245 refers

to the sample aged at 245 °C. Reproduced from [110].

T6-14h (peak-aged) alloy showed a more uniform distribu-
tion of the precipitates which formed a corrosion barrier and
improved the corrosion resistance (Fig. 28).

According to [109], the aging treatment of the
Mg-2.78Y-1.43Nd-0.43Gd-0.41Dy (WE32) and Mg-3.05Y-
1.81Nd-0.50Gd-0.43Dy (WE33) alloys at 200 °C for 45 h
remarkably decreased the corrosion rate. This improved cor-
rosion behavior of the aged alloys was mainly attributed to
the formation of a very noticeable passive layer, as a result
of a sufficient amount of micro-galvanic couples between the
«-Mg and precipitates at short distances. The results indicate
that the T6-treated alloys corroded the least among the other
mentioned conditions. In conclusion, the corrosion resistance
of the Mg-Y alloys would be determined by the accelerated

micro-galvanic corrosion by the precipitates or barrier effect
of the Y-containing passive film and this can be significantly
modified with heat treatment.

The Mg-Nd system is another biodegradable Mg-RE al-
loy, and it is demonstrated that aging treatment can remark-
ably influence its properties. Due to the low solid solubility
of Nd in Mg (3.6 wt% at 549 °C), there are few investiga-
tions on the corrosion behavior of aged biodegradable Mg-Nd
alloys. The distribution, volume fraction, and morphology of
the precipitates significantly affect the corrosion behavior. It
has been reported [110] that after the solution treatment of
the Mg-5Nd alloy (at 530 °C for 24 h), some intermetal-
lic compounds (Mg4;Nds) remained and failed to dissolve
with these compounds distributed mainly at the grain bound-
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Effect of different heat treatments on the corrosion behavior of the biodegradable Mg-rare earth alloys in summary

Composition

Condition

Corrosion
medium

Containing
phases

Best corrosion
resistance

Remarks

Reference

Mg-15Gd-5Zn

Mg-2Gd-1Ag

Mg-5Gd-1Zn-
0.6Zr

Mg-5Gd

Mg-15Gd-2Zn-
0.39Zr

Mg-10Gd-1Eu-
1Zn-0.2Zr

Mg-6.0Gd-1.2Cu-
1.27Zr

Mg-10Gd-
1.2Ca-0.5Zr

Mg-4Y-1Ag

Mg-3.05Y-
1.81Nd-0.50Gd-
0.43Dy
Mg-5Y-1.5Nd

Mg-2Y-1Zn-
0.4Zr-0.3Sr

As-cast, T4 & T6

As-cast & T4

As-cast & T6

As-cast & T4

As-cast, T4 & T6

As-cast, T4 & T6

As-cast & T4

As-cast, T4, &
T6

As-cast & T4

As-extruded, T4
& T6

As-cast, T4 & T6

As-cast, T4 &
as-extruded

3.5% NaCl

DMEM+ 10%
FBS

SBF

Aerated simulated
physiological
solution

3.5% NaCl

1% NaCl

SBF

DMEM+ 10%
FBS

DMEM+ 10%
FBS

Ringer’s acetate
solution

3.5% NaCl

SBF

MgsGd LPSO

LPSO

MgSGd

LPSO (Mg,
Zn);Gd

LPSO

MgsGd

Mgo4Ys

Mgs(Gd, Y, Dy,
Nd)

Mg; (Y, Nd)
Mgio(Y, Nd)

MgsY2Zn3
(W-phase)

T6: aging at 450
°C for 10 h

At 510 °C for 48
h

As-cast

As-cast

T6: aging at 200
°C for 300 h

T6: aging at 250
°C for 6 h

At 360 °C for 12
h

T4 at 495 °C for
16 h

T4 at 525 °C for
3h

T6: Aging at 200
°C for 48 h

At 535 °C for 20
h

At 500 °C for 25
h

Reduction of corrosion rate due to
the covering whole of the Mg
matrix grains by the LPSO
structure, and also playing the role
of anode against the W-phase
cathode by the LPSO structure,
formed during the T6 treatment
Lower micro galvanic corrosion rate
by the dissolution of the
intermetallic phases by the T4
treatment

The superior corrosion resistance of
the as-cast alloy with the LPSO
structure by playing a corrosion
barrier role between the eutectic
phase and substrate, enhancing the
passivation ability of the substrate
More micro-galvanic corrosion after
the T4 treatment due to the
formation of the MgsGd particles,
and also decrease of the Gd-content
in the surrounding o-Mg

Reduction in the micro-galvanic
corrosion due to the decrement of
the local potential difference and
the volume fraction of the
secondary phase by forming the
LPSO structure during the T4 and
T6 heat treatments

Improving the corrosion resistance
by enhanced passivation ability of
the alloy by the T6 treatment

The beneficial effect of the LPSO
structure by acting as a corrosion
barrier and reducing the
micro-galvanic corrosion in the T4
condition

Boosting the passivation film by the
Gd in the supersaturated state, and
dissolution of the secondary phases
by the T4 treatment, leading to a
lower corrosion rate

Lower galvanic corrosion by
reducing the volume fraction of the
coarse Mgy4Ys phase and
increasing the homogeneity of the
microstructure during the T4
treatment

Forming a pronounced Y-containing
passive film during the T6 treatment

Formation of a single-phase
microstructure and thus, reduced
micro-galvanic corrosion by the T4
treatment

Corrosion resistance was improved
as a result of the dissolution of the
secondary phases and distribution
of Y in matrix, resulting in an
improved protective nature of the
corrosion film by the T4 treatment

[95]

[111]

[75]

[76]

[100]

[112]

[99]

[77]

[81]

[109]

[83]

[104]

(continued on next page)
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Table 3 (continued)

Corrosion
medium

Composition Condition Containing

phases

Best corrosion Remarks Reference

resistance

Mg-15Y As-cast & T4 3.5% NaCl MgoYs

Mg-Y-2.1Nd-
0.9Ag

As-cast & T4 Ringer-Lactate -

Mg-4Y-0.6Ca- As-cast & T4 DMEM+ 10%
0.4Zr FBS

Y-rich
intermetallic
particle

Mg-4Nd As-cast & T4 Aerated simulated
physiological
solution

As-extruded & T4 SBF

Mg, Nd

Mg-2.25Nd-
0.11Zn-0.43Zr

Mg]sz

Mg-2.7Nd-0.2Zn-
0.4Zr

As-extruded & T4 SBF -

Mg-2.5Nd-0.3Zn-  As-cast & T4 SBF

0.1Sr-0.4Zr

Mgy Nds

Mg-5Nd T4 & T6 DMEM+
Glutamax+ 10%

FBS

Mg, Nd
Mgy Nds

At 340 °C for 18  Dissolution of the Mgy Ys [102]
h precipitates, resulting in lower
micro-galvanic corrosion and
enhanced corrosion film protection
with the presence of Y during the
T4 treatment
At 525 °C for 24  Improvement of the corrosion [103]
h resistance due to the formation of
the corrosion products in the form
of a passive layer (Y,03) in the
T4-treated samples
- Unaffected corrosion rate due to a [113]
compromise between the dissolution
of the secondary phases (reducing
micro-galvanic corrosion) and
increasing the grain size (retarding
the passivation kinetics)
At 520 °C for 20  Reduction of the eutectic Mg, Nd [76]
h phase by the T4-treatment, which
gives a lower galvanic corrosion
At 540 °C for 12 A balance between the positive [114]
h effect of the dissolution of the
secondary phase and the negative
impact of the grain growth can be
achieved by the T4 treatment at 540
°C
A compromise between the grain [107]
size and the volume fraction of the
secondary phase during the T4
treatment at 475 °C, leading to a
minimum corrosion rate
Deterioration of the corrosion [93]
resistance mainly by the grain
growth, discontinuous intermetallic
phase and precipitates during the
T4 treatment
Corrosion resistance improvement [110]
by the nano-scale precipitations
subsequent aging  formed during the T6 treatment due
at 245 °C for 528 to their dense and uniform
h distribution, resisting the corrosion
propagation

At 475 °C for 1 h

As-cast

T6: at 530 °C for
24 h with

aries. With subsequent aging at 200 °C, new fine precipitates
(Mg,Nd) were formed both at the grain boundaries and in-
side the grains, shown in Figs. 33c and d. With increasing
the aging temperature to 245 °C, fine Mgy Nds precipitates
formed, while the number of the Mg;,Nd particles was re-
duced. Accordingly, the large Mgy Nds particles (at the grain
boundaries), fine Mgy Nds precipitates, and possibly some
Mg,Nd precipitates were present in the microstructure of
the Mg-5Nd alloy aged at 245 °C. The microstructure of the
Mg-5Nd alloy after different heat treatment conditions men-
tioned above is shown in Fig. 29 (a-d). The effects of such
microstructural differences would be reflected in the corrosion
resistance of the alloys, as shown in Fig. 30. In this figure,
the corrosion surfaces of the Mg-5Nd alloy in the T4, T6-
200 °C (A200), and T6-245 °C (A245) conditions are shown
after immersion in the DMEM + Glutamax + 10% FBS so-

lution for three different numbers of days (1, 7, and 14).
The SEM images indicated that the thickness of the corro-
sion layer was the thickest for the T4-treated alloy. This is
in accordance with the corrosion results, which showed that
the lowest corrosion resistance among the studied heat treat-
ments was achieved for the sample heat-treated by the T4
treatment where the microstructure contained no nano-sized
particles. By contrast, the corrosion layer of the T6-treated
alloy with nano-sized Mg;,Nd precipitations was much thin-
ner, thereby implying exceptional corrosion resistance. Fine
nano-scale precipitates formed during the aging treatment and
no corrosion products were observed around them at the ini-
tial stage of corrosion indicating that no corrosion occurred
inside the grains. However, they played an essential role
in the propagation of the corrosion. Thus, fine nano-scale
precipitates enhanced the corrosion resistance due to their
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Fig. 31. Microstructure of the Mg-11Gd-1Zn alloy, showing the morphology of the precipitates and the LPSO structures: (a) SEM image of the as-cast
specimen, (b) SEM image of the annealed specimen, (c,d) TEM image and the corresponding SAED pattern of the as-cast alloy, and (e,f) TEM image and
the corresponding SAED pattern of the as-annealed alloy. Reproduced from [117].

dense and homogenous distribution that resisted the corrosion
propagation.

Table 3 summarizes the effects of different heat treatments
on the corrosion behavior of the biodegradable Mg-RE al-
loys. In this table, the chemical composition of the studied
alloy, the processing condition, the corrosion media, Mg-Nd
phases, the condition to achieve the best corrosion resistance,
and some remarks are presented in columns 1-6, respectively,
and finally the corresponding references are given in the last
column.

5.2. Mechanical behavior

5.2.1. The mechanical behavior of the Mg-rare earth alloys
after a T4 heat treatment

A T4 treatment can remarkably modify the mechanical
behavior of biodegradable Mg-RE alloys. According to the
phase diagram of the Mg-Gd alloying system, by proper
heat treatment and subsequent quenching, a single-phase solid
solution can be formed [43]. In this state, solid solution
strengthening is the main strengthening mechanism in Mg-Gd
alloys due to the notable atomic size difference between the

Gd and Mg atoms (12.5%) which generates a strong lattice
distortion [115].

Grain growth can considerably deteriorate the mechanical
properties of the solution-treated alloys. The Mg-Gd alloys
with more content of alloying elements experience less grain
growth [116]. In this respect, it was reported [96] that the ad-
dition of La and Nd to the Mg-Gd alloys restricted the grain
boundary mobility and hence decreased the grain growth rate.
In addition, La and Nd caused the formation of some precip-
itates which did not dissolve completely during the solution
treatment and thus could improve the mechanical strength
of the solution-treated alloy. In this study, the weakest al-
loy from the viewpoint of the mechanical properties was the
binary Mg-10Gd alloy which suffered from significant grain
growth and also the dissolution of the Mg-Gd precipitates,
while the quaternary Mg-10Gd-1Nd-1La alloy possessed the
highest hardness after the solution treatment.

As discussed earlier, the LPSO structure may be formed
while the precipitates tend to be dissolved during the solu-
tion treatment. For example, solution treatment of the Mg-
11Gd-1Zn alloy at 500 °C for 8 h increased the amount of
the LPSO structure and decreased the volume fraction of the
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Fig. 32. The fracture surfaces of the biodegradable Mg-2.5Nd-0.3Zn-0.1Sr-0.4Zr alloy in the: (a) as-cast condition, and (b) T4condition. Reproduced from

[93].

secondary phases (Fig. 31) [117]. Tensile testing revealed a
significant increase in the yield strength and ultimate tensile
strength after such solution treatment. This study achieved
103 MPa and 22 MPa enhancement in UTS and YS of the
as-cast alloy, respectively, by the T4 treatment. In another
study [118], extruding the Mg-5Gd-1Zn-0.6Zr alloy after the
solution treatment generated the LPSO structure in the mi-
crostructure and improved the mechanical strength. This im-
provement is related to the interaction of dislocations with the
LPSO structure and also the grain refinement achieved during
the extrusion process.

As well as Mg-Gd alloys, the mechanical properties of the
T4-treated Mg-Y alloys can be altered greatly by the T4 treat-
ment. A dissolution of the secondary phases because of the
high solid solubility of Y in Mg, a reduction of the dislocation
density due to the recovery processes and grain growth phe-
nomenon are three important processes during the T4 treat-
ment at elevated temperatures which significantly affect the
mechanical properties [119]. It has been reported [113] that
the dissolution of the secondary phases and the larger grain
size of the solution-treated biodegradable Mg-4Y-0.6Ca-0.4Zr
alloy reduce the compressive strength and also ductility of
this alloy. In another study [120], a significantly reduced me-
chanical strength of the solution-treated WE32 alloy (at 525
°C for 8 h) was attributed to the dissolution of the majority
of the intermetallic compounds and an increase in the grain
size from 15 wm to 102 pwm.

In the Mg-Nd system, the T4 treatment of the as-cast Mg-
4Nd alloy led to some softening due to the dissolution of the
hard eutectic Mg;,Nd phase in the Mg matrix [76]. The weak
solid solution strengthening effect was attributed to the low
solid solubility of Nd in Mg in this alloy. In another study,
it was reported [107] that the solution treatment at 500 °C
for 1 h reduced the yield strength of the as-extruded Mg-
2.7Nd-0.2Zn-0.4Zr alloy from 291 MPa to 163 MPa due to
the growth of the grains and also a reduction of the volume
fraction of the secondary phases. On the contrary, the solution
treatment remarkably improved the yield strength and ultimate
tensile strength of an as-cast Mg-2.5Nd-0.3Zn-0.1Sr-0.4Zr al-
loy [93]. In this case, enhancement of the mechanical proper-

ties was mainly attributed to the positive effect of the solution
strengthening effect which overcame the negative impact of
the grain growth. In another investigation [121], a T4 treat-
ment of the as-cast Mg-1.59Nd-2.91Zn-0.05Zr-0.35Mn alloy
increased the UTS value from 169 MPa to 230 MPa. After
the solution treatment, the network eutectic compounds were
dissolved partially and a discontinuous pattern of the parti-
cles was formed. Such a discontinuous pattern of the eutectic
compounds could improve the mechanical properties. In an-
other investigation [122], the eutectic phase with coarse mor-
phology in the as-cast Mg-2.49Nd-1.82Gd-0.19Zn-0.4Zr al-
loy induced local stress concentrations and this led to weaker
mechanical properties. In this case, the solution treatment re-
duced the eutectic phases and thus the stress concentrations
which substantially enhanced the UTS.

In addition to strength, the ductility of the as-cast
biodegradable Mg-Nd alloys can also be improved by a so-
lution treatment. In this regard, numerous dimples were ob-
served on the fracture surface of the T4-treated biodegradable
Mg-2.5Nd-0.3Zn-0.1Sr-0.4Zr alloy which indicates a ductile
mode of fraction in this condition. On the other hand, the
as-cast alloy presented a cleavage fracture (Fig. 32) [93]. Ac-
cording to [121], the solution treatment decreased the volume
fraction of the eutectic phase. A reduction of the hard and
brittle eutectic compounds, which can act as crack sources
during the plastic deformation, enhanced the elongation by
63% compared to the as-cast alloy.

5.2.2. The mechanical behavior of the Mg-rare earth alloys
after a T6 heat treatment

The aging behavior of the biodegradable Mg-RE alloys
has been widely studied. In the Mg-Gd system, the maxi-
mum solubility of the Gd element in Mg is 23.49 wt% at
548 °C, which significantly reduces to 3.82 wt% at 200 °C,
thereby implying a significant aging response. According to
some reports [123], the addition of alloying elements to the
Mg-Gd alloys can enhance the aging response, resulting in
a greater hardness. For example, adding 1% Zn to the Mg-
10Gd-3Y-0.5Zr alloy was reported to improve the mechanical
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Fig. 33. SEM backscattered electron images of the Mg-14.33Gd-2.09Zn-0.51Zr alloy in the as-cast (a), T4-treated at 480 °C for 12 h (b), T4-treated at 500
°C for 10 h (c), and T4-treated at 520 °C for 12 h (d) conditions. Reproduced from [125].

properties of the aged alloy due to the larger number of pre-
cipitates by the addition of Zn.

The precipitation sequence of the Mg-Gd-RE alloys has
been described as the decomposition of the «-Mg supersatu-
rated solid solution — B”(D0y9) — B’ (cbco) — B; (fcc)—
B (fcc). The precipitation strengthening in the peak-aged al-
loys is mainly attributed to the B8’ phase due to the significant
resistance of these precipitates to the shearing forces exerted
by the dislocations [77,115]. According to [115], the addition
of 1.8 wt% Ag to the Mg-9.8Gd-2.7Y-0.4Zr alloy refined the
B’ precipitates and increased the density of the nano-scale
plate-like precipitates, resulting in improvements in the me-
chanical strength.

In addition to affecting the corrosion properties, the LPSO
structure also plays an important role in strengthening the
aged Mg-Gd and Mg-Gd-RE alloys. In this regard, there is a
comparison of the mechanical properties of the as-cast, as-

extruded, T4-treated, T5-treated, and T6-treated Mg-11Gd-
1Zn alloy [59]. The 14H-LPSO plates and the 8’ precipitates
exist in the T6-treated alloy and the volume fraction of the
LPSO structure was the highest compared to the other men-
tioned conditions resulting in a higher strength and ductility
for the T6-treated alloy. In another study [124], the LPSO
structure in the T6-treated Mg-10Gd-3Y-1.2Zn-0.5Zr alloy be-
haved as a barrier for crack propagation and also plastic de-
formation, leading to superior shear properties. The mechan-
ical properties of the T6-treated Mg-Gd-RE alloys strongly
depend on two main factors: (1) the strengthening effect of
the LPSO structure, and (2) a reduction in the precipitation
strengthening effect due to consumption of the solute content
by the formation of the LPSO structure. Depending on how
much each factor is dominant, the overall effect of the LPSO
structure on the mechanical properties of the T6-treated al-
loy would be determined. It was reported [125] that different
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temperatures of the solid solution heat treatment lead to a sig-
nificant difference in the volume fractions of the LPSO struc-
ture and secondary phase of an Mg-14.33Gd-2.09Zn-0.51Zr
alloy. Fig. 33 demonstrates the microstructure of this alloy
at different solution temperatures with different amounts of
the LPSO structure and the secondary phase. In this regard, a
high solution temperature led to a lower amount of the LPSO
structure and more solution content of the Gd and Zn atoms
in the supersaturated state, resulting in a more significant ag-
ing response. In this investigation, the presence of Gd and Zn
atoms as precipitates led to a better strengthening effect than
in the form of the LPSO structure. Therefore, the solution-
treated alloy at 520 °C (the highest solution temperature) for
12 h with a subsequent aging at 200 °C for 64 h exhibited
the best mechanical strength.

Similarly, the mechanical properties of the Mg-Y alloys
can also be widely adjusted by proper aging treatment for
biomedical applications as well. The success in strengthening
by the aging treatment is strongly dependent on the ability of
the precipitates in hindering the movement of dislocations. In
this regard, the number density, distribution, size, and nature
of the precipitates would also affect the mechanical properties
of the T6-treated alloys [126].

The P’ phase is known to be one of the most effective
precipitates in Mg-RE alloys from the viewpoint of strength-
ening. It has been reported [127] that the B’ and B" phases
formed during the T6 treatment of the Mg-4Y-3Nd-1Gd-
0.2Zn-0.5Zr alloy at 250 °C for 10 h were coherent with
the «-Mg and generated a strong stress field. A high density
with high volume fraction of the fine B’ and P" precipitates
in the T6-treated alloy resulted in a beneficial combination of
strength and ductility (YS of 198 MPa, UTS of 276 MPa, and
7.6% elongation at failure). In another study [126], the ' and
B" phases in the peak-aged condition of the T6-treated Mg-
3.2Y-2.5Nd-0.5Zr alloy (aged at 225 °C) increased the YS
from 135 MPa in the as-cast alloy to 202 MPa. In this in-
vestigation, increasing the aging temperature to 250 °C led to
a decrease in the volume fraction and number density of the
fine B’ phase, leading to a decrease in strength by comparison
with the alloy aged at 225 °C.

Grain growth during the aging treatment has also been
reported to decrease the ductility of the Mg-Y alloys as larger
grains are not capable of effectively coordinating the plastic
deformation [119]. According to [120], despite a hardness and
tensile yield strength improvement in the Mg-2.78Y-1.49Nd-
0.43Gd-0.4Dy (WE43) alloy by the T6 treatment, the ductility
decreased by 80% compared to the primary extruded alloy due
to the effect of grain growth.

Besides the Mg-Gd and Mg-Y systems, it has been pointed
out that a T6 treatment has a pronounced impact on the me-
chanical strength of Mg-Nd alloys. In these alloys, the precip-
itation sequence in the T6-treated Mg-Nd alloys follows the
route (SSS) — B” MgzNd) — B’ Mgy;Nd) — B Mg2Nd)
[128]. The B” precipitates form at the early stages of the
aging process and with an increment of time/temperature of
the aging treatment the 8’ phase forms as the expense of the
B’ phase. It was reported [122] that the precipitation of the

B’ and B’ particles within the o-Mg matrix during the ag-
ing treatment was capable of impeding dislocation slip. The
dense B’ phase had a greater strengthening effect on the dislo-
cation glide as compared to the 8” phase. In this investigation,
the aging treatment (at 205 °C for 18 h) of the as-cast Mg-
2.49Nd-1.82Gd-0.19Zn-0.4Zr alloy significantly improved the
UTS from 184 MPa to 287 MPa. In another study [129], the
precipitation of the fine nano-scale 8” phase at the peak-
aged condition (at 200 °C for 12 h) of the Mg-2.7Nd-0.6Zn-
0.5Zr alloy profoundly enhanced the mechanical properties.
The strengthening by the B” phase increased the UTS and
YS by 110 MPa and 83 MPa, respectively, where a 1.4%
improvement in ductility was also obtained.

Table 4 is presented for an easier understanding of the
effects of different heat treatments on the mechanical prop-
erties of the biodegradable Mg-RE alloys. In this table, the
chemical composition of the alloy, the processing condition,
the time and temperature of the best heat treatment condi-
tion, the mechanical properties of heat-treated alloys (yield
strength, ultimate tensile strength, and elongation) and some
remarks are presented in columns 1-7, respectively, and finally
the corresponding references are given in the last column.

6. The effects of heat treatment on the Mg-Al alloys
6.1. The corrosion behavior

6.1.1. The corrosion behavior of the Mg-Al alloys in the
as-cast condition

The application of aluminum (Al) as an abundant element
in the earth’s crust and the biological system is widespread.
Unique features of Al have made it one of the promising can-
didates in the biomedical applications [131-135]. The neuro-
toxicity and associated diseases (Alzheimer’s and dementia)
have been reported as side effects of Al usage in the human
body [132]. However, these side effects could be avoided by
exactly controlling the Al concentration [136]. The human
body uses 9-14 mg of Al daily and indeed it is widely used
as an antacid [132,137]. In this part, the modification of the
biodegradable Mg-Al alloys by heat treatment will be dis-
cussed.

The general microstructure of the as-cast biodegradable
Mg-Al alloys is commonly composed of three constituents:
the «-Mg phase, the 8-Mg;7Al;, phase and the eutectic struc-
ture (alternating layers of o and g phases) [133]. The -
Mg;7Al;; phase has been shown to be a very critical and
determining factor in controlling the corrosion performance
of the biodegradable Mg-Al alloys. The concentration of Al
in the 8-Mg7Al;; phase is much more by comparison with
the «-Mg phase, which makes the B-Mg;7Al;, phase a robust
cathode to cause micro-galvanic corrosion [134]. According
to [138], the difference in Al concentration between the «-Mg
and B-Mg;7Al;; phases was measured as around 31% in an
Mg-9.1A1-0.17Mn-0.04Zn (AZ91D) alloy, and this resulted in
severe micro-galvanic corrosion. It was also observed that the
corrosion was mainly initiated in the «¢-Mg grains with less
than 8% Al content. The -Mg;7Al;» phase, like the LPSO



1772 M. Mohammadi Zerankeshi, R. Alizadeh, E. Gerashi et al./Journal of Magnesium and Alloys 10 (2022) 1737-1785
Table 4
Effects of different heat treatments on the mechanical properties of the biodegradable Mg-rare earth alloys in summary
Composition Condition Time & Mechanical properties Remarks Reference
temperature of
heat treatment YS (MPa) UTS (MPa) Elongation (%)
Mg-8.5Gd-2.3Y- As-cast, T4 & Aging at 200 °C 268 403 42 Mechanical enhancement by the [115]
1.8Ag-0.4Zr T6 for 32 h precipitation strengthening by the §’
phase and the plate-like precipitate,
formed during the T6 treatment
Mg-10Gd-3Y- As-cast & T6  Aging at 225 °C 253 364 2 Significant aging response with the [123]
1.0Zn-0.5Zr addition of 1% Zn
Mg-11Gd-1Zn As-cast & T6  Aging at 250 °C 235 416 7.2 Superior mechanical properties of [117]
the T6-treated alloy due to the
higher volume fraction of the
14H-LPSO phase
Mg-14.33Gd- As-cast & T6  Aging at 200 °C  291.7 404.7 5.3 Higher solution temperature led to  [125]
2.09Zn-0.51Zr for 64 h a higher amount of the precipitates
and lower amount of the LPSO
structure, and the best mechanical
properties by the T6 treatment
Mg-10Gd As-cast & T4 At 525 °C for 24 81.47 222.7 - Dissolution of the precipitates and ~ [130]
h grain growth were mainly
responsible for the observed
softening after the T4 treatment
Mg-10Gd-1.2Ca- As-cast & T6  Aging at 200 °C  217.4 282.7 0.7 Significant resistance to dislocation [77]
0.5Zr for 72 h motion provided by the 8’
precipitates led to a mechanical
strength improvement in the
T6-treated alloy
Mg-9.02Y- As-extruded & At 490 °C for 2 325 364 3 Mechanical strength improvement [119]
295MM-0.58Z  T6 h with subsequent due to hindrance effect of the g’
aging at 200 °C phase formed during the T6
treatment and elongation decrement
due to the grain growth
Mg-3Y-1.5Nd- As-cast & T6 At 525 °C for 8 133 235 15.4 Hindrance of dislocation slip by the [120]
0.4Gd-0.4Dy h with subsequent presence of precipitates in the
aging at 250 °C T6-treated alloy
for 8 h
Mg-3.5Y-2.5Nd- As-cast & T6 At 525 °C for 4 202 301 6.9 Excellent mechanical strength due  [126]
0.5Zr h with subsequent to precipitate strengthening by the
aging at 225 °C B’ and B" phases in the T6-treated
for 34 h alloy
Mg-4Y-3Nd-1Gd- As-cast & T6 At 525 °C for 6 198 276 7.6 A desirable combination of strength [127]
0.2Zn-0.5Zr h with subsequent and ductility due to the high density
aging at 250 °C and strong stress field of the B’ and
for 10 h B" phases in the T6 condition
Mg-2.7Nd-0.2Zn- As-cast & T4 At 500 °C for 1 h 163 287 25.1 Reduction of the mechanical [107]
0.4Zr strength by the T4 treatment due to
grain growth and reduction of the
secondary phase
Mg-1.59Nd- As-cast & T4 At 480 °C for 10 103 230 20.5 Enhancement of the mechanical [121]
2.91Zn-0.05Zr- h properties by the discontinuous
0.35Mn eutectic compounds behaving like
reinforcement phases, formed
during the T4 treatment
Mg-2.49Nd- As-cast & T6 At 515 °C for 18 206 287 4.5 Mechanical strength enhancement [122]
1.82Gd-0.19Zn- h with subsequent due to the impeding effect of the
0.4Zr aging at 205 °C B” and B’ precipitates within the
for 18 h «-Mg matrix which formed during
the T6 treatment
Mg-2.49Nd- As-cast & T4 At 515 °C for 18 123 248 11 Decreased stress concentration as a [122]

1.82Gd-0.19Zn-
0.4Zr

h

result of dissolution of the eutectic
phase during the T4 treatment,
leading to mechanical properties
enhancement, especially ductility

improvement

(continued on next page)
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Table 4 (continued)
Composition Condition Time & Mechanical properties Remarks Reference
temperature of
heat treatment YS (MPa) UTS (MPa) Elongation (%)
Mg-4Nd As-cast & T4 At 520 °C for 20 - - - Deterioration of the mechanical [76]
h strength by the solution treatment
due to the dissolution of the hard
eutectic Mg 2Nd phase in the Mg
matrix
Mg-2.7Nd-0.6Zn- As-cast & T6 At 525 °C for 12 191 258 42 Precipitation strengthening by the [129]

0.5Zr h with subsequent

aging at 200 °C

for 12 h

Mg-2.5Nd-0.3Zn- As-cast & T4 At 545 °C for 12 - -

0.1S1-0.4Zr h

precipitation of fine nano-scale B
phase at the peak-aged condition

- Mechanical properties improvement [93]
due to the more pronounced
positive effect of the solution
strengthening by comparison with
the negative impact of grain growth
during the T4 treatment

structure discussed previously in the section on Mg-Gd, plays
a dual role in the corrosion behavior of the Mg-Al alloys. This
phase can act as a corrosion barrier and inhibit the corrosion
propagation, while it can also act as a cathode and accel-
erate the micro-galvanic corrosion. The volume fraction and
distribution of the f-Mg;7Al;, phase are two important pa-
rameters in determining its role in the corrosion process. In
this regard, heat treatment can modify the distribution, vol-
ume fraction, size and configuration of the 5-Mg;;Al;, phase
and thus, enhance the corrosion resistance.

6.1.2. The corrosion behavior of the Mg-Al alloys after a T4
heat treatment

The solid solution heat treatment would homogenize the
distribution of the alloying elements, create supersaturated
solid solutions, and decrease the volume fraction of the sec-
ondary phases (the S-Mg;7Al;; phase in particular). However,
according to the time/temperature of the solution treatment,
some undissolved Al-rich phases may continue to remain in
the microstructure [134,139].

The nature of the corrosion film in the solution-treated Mg-
Al alloys is relatively weak and would fail during the corro-
sion process [133,135]. In this regard, it has been reported
[134] that the corrosion film was mainly formed on the «-
Mg grains with high Al concentrations in a solution-treated
AZ91D alloy (at 445 °C for 24 h). Accordingly, the corro-
sion rate was the lowest in the initial stages of corrosion,
and prolonging the exposure time led to the breakdown of
the weak corrosion film. Thus, the corrosion rate was signif-
icantly increased, where the variations of the corrosion rate
with the immersion time are shown in Fig. 34a. Failure of
the corrosion film and thus deterioration of the corrosion re-
sistance was related to the accelerated corrosion due to the
localized corrosion of the residual S-Mg7Al;, particles. It
was reported that the same behavior occurred in the Mg-5Al-
1Zn-1Sn alloy solution treated at 400 °C for 20 h [102]. It
was also reported there was increased corrosion resistance in
the early stages of the immersion because of the uniform dis-
tribution of the alloying elements and the partial dissolution

of the secondary phases. Again, at longer immersion times
the breakdown of the oxide film and the local corrosion on
the residual secondary phases notably increases the corrosion
rate.

The amount of the lattice distortions and the grain size are
other factors affecting the corrosion behavior of the solution-
treated biodegradable Mg alloys. It was reported [140] that the
distortion of the supersaturated «-Mg grains by the solution
treatment (at 410 °C for 12 h) had an effect on decreasing the
corrosion resistance of the Mg-8.6A1-0.85Zn (AZ91) alloy. In
fact, in this investigation, the negative impact of distortion
overcame the positive effect of the reduced micro-galvanic
corrosion (due to the dissolution of the B-Mg;;Al;, phase).
In another study [141], the T4 treatment at 500 °C for 3
h reduced the density of the grain boundaries which could
act as a physical barrier to corrosion, and this produced a
deterioration of the corrosion resistance of the Mg-2.95Al-
1.07Zn-0.39Mn (AZ31B) alloy. It was also reported [142] that
the solution treatment of the AZ91 and Mg-2.75A1-0.91Zn
(AZ31) alloys for 6 h at 410 °C and 340 °C, respectively,
mitigated the galvanic corrosion and enhanced the corrosion
resistance compared to the as-cast condition.

6.1.3. The corrosion behavior of the Mg-Al alloys after a T6
heat treatment

As discussed earlier, the volume fraction, size, and distri-
bution of the 8-Mg;7Al;, precipitates significantly affect the
corrosion behavior of the Mg-Al alloys. All of these param-
eters change during the T6 treatment. The microstructure of
the biodegradable Mg-Al alloys would be more homogenous
with the re-distribution of Al atoms and re-precipitation of
the secondary phases during the aging treatment. By increas-
ing the aging time, the distribution of the 8-Mgi;Al;, phase
becomes more in the form of a continuous network. This
continuity of the precipitations is highly dependent on the
Al concentration such that the higher the Al content so the
lower the aging times that are required to form a continuous
distribution [139].
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Fig. 34. The corrosion rate of the T4-treated (a) and T6-treated (b) AZ91D alloy, as a function of immersion time in the SBF solution. Reproduced from
[134].
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Fig. 35. The OM (a,d,g) and SEM (b,c,e,f,h,i) micrographs showing the corroded surfaces of the Mgg; sAl35sGds (at%) alloy in the as-cast (a—c), T4 (d—f),
and T6 (g—i) conditions. These micrographs were taken from the samples immersed for 12 h in the 1.0 wt% NaCl solution. Reproduced from [135].
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The oxide film on the surface of the T6-treated Mg-Al al-
loys is reported to be more uniform and compact compared
to the as-cast and T4 conditions due to the more homoge-
nous microstructure with uniform distribution of Al and this
leads to a higher corrosion resistance [133—135]. According to
[133], a stable oxide film was formed on the aged AZ63 alloy
and led to an increase in the free corrosion potential during
immersion in SBF, demonstrating the influential barrier role
of the oxide film. However, the micro-galvanic corrosion be-
tween the «-Mg and -Mg;7Al;, phases is inevitable, and the
aged alloy is seriously susceptible to pitting corrosion. Due
to the relatively small size of the 8-Mg;7Al;, precipitates, the
cathode to anode surface area ratio (Eq. 1) is not sufficiently
large to provoke severe corrosion damage [134]. Fig. 34b
presents the corrosion extent of the T6-treated AZ91D alloy.
Compared to the T4-treated alloy (Fig. 34a), the T6-treated
alloy experienced minor corrosion attacks due to the tight
film formation so that there are only a few shallow corrosion
pits observed on this sample due to the weak micro-galvanic
corrosion.

An interesting comparison of the corrosion behavior of an
Mgy 5Al35Gds (at%) alloy in the as-cast, T4-treated and T6-
treated conditions was made in another investigation [135]. It
was reported that in the as-cast state the extensive network
area with inhomogeneous distribution resulted in severe pit-
ting corrosion whereas micro-galvanic corrosion occurred in
the vicinity of the secondary phases and spread from region
I to region III (Fig. 35¢). Diffusion of Al and Gd atoms from
the secondary phases into the matrix during the T4 treatment
(at 565 °C for 24 h) led to the formation of a dense oxide
film. As a result of the T4 treatment, the grain boundaries de-
veloped a much more negative potential and thus the micro-
galvanic corrosion between the matrix as the cathode and the
grain boundaries as the anode increased the corrosion rate
leading to micro-crack formation. Contrary to the solution-
treated and as-cast conditions, the T6 treatment (subsequent
aging of the T4-treated alloy at 300 °C for 20 h) caused the
formation of a uniform and compact oxide film which covered
the whole surface (Fig. 35). Fig. 36 depicts a schematic rep-
resentation of the corrosion processes and the mechanisms in
the as-cast, T4, and T6 conditions. It is worth noting that the
self-remediation ability of the oxide film in the T6-treated al-
loy significantly boosts the barrier effect of the corrosion film.
Thus, the oxide film becomes more compact and thicker with
prolonged time, leading to the best corrosion performance
among the studied conditions.

6.2. The mechanical behavior of the Mg-Al alloys after T4
and T6 heat treatments

The formation of the supersaturated solid solutions, the
dissolution of the secondary phases and grain growth are
three determining phenomena during the solution treatment
that affect the mechanical properties of the biodegradable
Mg-Al alloys. The final performance of the T4-treated al-
loy is determined according to which specific phenomenon
dominates [140,142]. It has been reported [140] that the so-

lution treatment of the AZ91 alloy resulted in a slight in-
crease in hardness due to the solid solution strengthening
effect which was more pronounced than the detrimental ef-
fects of the dissolution of the secondary phases and grain
growth. In another study [142], the solution treatment de-
creased the amount of hard and brittle 8-Mg;7Al;, phase and
increased the grain size of the AZ31 and AZ91 alloys, lead-
ing to lower hardness values by comparison with the as-cast
condition.

According to [143], the morphology, distribution, and vol-
ume fraction of the newly formed 8-Mg;7Al;, phase from the
supersaturated grains influence the mechanical properties of
the T6-treated Mg-Al alloys. In this study, hardness increased
as a function of the volume fraction of the 5-Mg;7Al;, phase.
The B-Mgi7Al};, phase is reported as an effective barrier
against dislocation movement.

Although the mechanical properties of the heat-treated Mg-
Al alloys have been extensively studied, this research is not
fully related to the alloys used for biomedical applications.
Thus, the mechanical properties of biodegradable Mg-Al al-
loys after T4 and T6 treatment have not been widely dis-
cussed and more investigations are needed to achieve a better
understanding.

7. The effects of heat treatment on the Mg-Ag alloys
7.1. The corrosion behavior

7.1.1. The corrosion behavior of the Mg-Ag alloys in the
as-cast condition

Implant-associated infections are serious obstacles in the
healing process of a damaged tissue, which would cause a
biofilm formation in the surgery site with subsequent fail-
ure of implantation [36,144,64,145]. In this regard, incor-
poration of an Ag element in biodegradable Mg alloys and
the development of Mg-Ag implants seems to be a promis-
ing approach, since the well-established antibacterial activ-
ities of Ag can treat and hinder infections, leading to a
facilitated healing process [146]. Also, addition of Ag can
improve the mechanical properties of the Mg matrix by
the formation of hard Ag-containing intermetallic phases.
However, the dendritic microstructure, grain boundaries satu-
rated with silver segregation and Ag-rich precipitates make
the Mg-Ag alloys susceptible to micro-galvanic corrosion
[147]. Therefore, their corrosion behavior requires further
improvement.

7.1.2. The corrosion behavior of the Mg-Ag alloys after a
T4 heat treatment

As discussed previously, the as-cast Mg-Ag alloys, with
antibacterial activities, mostly suffer from severe galvanic cor-
rosion between the «-Mg matrix and the Ag-rich precipi-
tates. A volume fraction reduction of Ag-rich precipitates
with the implementation of solution treatment would be an
appropriate approach to tackle this problem and achieve the
desired antibacterial and corrosion properties simultaneously.
Bryla et al. [147] investigated the effect of T4 treatment (at
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alloy. Reproduced from [135].

440 °C for 16 h) on the corrosion behavior of biodegradable
Mg-4Ag alloy. They realized that the dissolution of MgssAgy7
precipitates, as well as the homogenization of the dendritic
structure, decreased the corrosion rate by mitigating galvanic
corrosion. In another report [148], a uniform distribution of
Ag-rich precipitates caused the formation of a dense and unin-
terrupted surface film after solution treatment and this would
prevent the localized corrosion attack. In this study, the cor-
rosion rate of the as-cast Mg-6Ag alloy decreased from 1.4
mm/year to 0.5 mm/year by the T4 treatment.

Liu et al. [36] investigated the effects of T4 treatment and
extrusion on biodegradability of Mg-xAg (x = 6 and 8 wt%)

alloys and the results are presented in Fig. 37. They realized
that the existence of large Mgs4Ag;7 precipitates in the ex-
truded alloys, as presented in the XRD pattern (Fig. 37k),
induced micro-galvanic corrosion. On the other hand, this ef-
fect was prevented due to the elimination of secondary phases
during solution treatment (at 430 °C for 16 h). The corrosion
surface of the alloys after an immersion test are presented in
Fig. 37a-j. Aggregated Ag, loose corrosion product and se-
vere degradation are evident in extruded Mg-Ag alloys, while
only cracks, which were formed by the dehydration of cor-
rosion layer, are presented on the surface of pure Mg and
T4-treated Mg-Ag alloys, indicating the positive role of the
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heat treatment in promoting the corrosion behavior. The cor-
rosion rates were 3.44 mm/year and lower than 0.5 mm/year
for the extruded and T4-treated Mg-8Ag alloys, respectively
(Fig. 37 1). Accordingly, it can be pointed out that an appro-
priate heat treatment is crucial for developing biodegradable
Mg-Ag alloys.

Table 5 is presented to give better insight into the heat
treatment effects on the corrosion behavior of the biodegrad-
able Mg-Al and Mg-Ag alloys. In this table, the chemical
composition of the alloy, the processing condition, the cor-
rosion media, the secondary phases, the condition to achieve
the best corrosion resistance and some remarks are presented
in columns 1-6, respectively, and finally the corresponding
references are given in the last column.

7.2. The mechanical behavior of the Mg-Ag alloys after T4
and T6 heat treatments

Considerable solid solution strengthening has been ob-
tained in Mg-Ag alloys after a T4 treatment due to the high
solid solubility of Ag in Mg (15.02 wt% at 472 °C). For in-

stance, the generated solution strengthening by a T4 treatment
of as-cast Mg-4Ag alloy caused 11% and 31% improvement
in hardness and ultimate compressive strength, respectively
[147]. In this report, the mechanical characteristics and cor-
rosion behavior were significantly enhanced with the execu-
tion of solid solution heat treatment. It has been also reported
[148] that the reprecipitation of the Mg4Ag phase by an aging
treatment of the Mg-6Ag alloy increased the hardness from
35.9 Hv for the as-cast alloy to 43.3 Hv.

8. Analyzing and interpreting results

This review has mainly concentrated on collecting and
summarizing the results found in the literature describing the
effect of the T4 and T6 heat treatments on the mechani-
cal and corrosion properties of some important heat-treatable
biodegradable Mg alloys, including the Mg-Zn, Mg-Gd, Mg-
Y, Mg-Nd, Mg-Al and Mg-Ag systems. While there are many
consistent aspects, it is now readily apparent that different al-
loying systems may respond very differently to similar heat
treatments. Accordingly, it is shown that by precise control of
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Table 5
The effects of different heat treatments on the corrosion behavior of the biodegradable Mg-Al and Mg-Ag alloys in summary
Composition Condition Corrosion media  Containing Best corrosion Remarks Reference
phases resistance
Mg-5.9A1-3.5Zn- As-cast & T6 SBF B-Mgi7Al 12 T6: at 413 °C for  Corrosion resistance improvement [133]
0.18Mn 24 h with by the formation of tight corrosion
subsequent aging  film on the surface of the
at 216 °C for 12 T6-treated sample, inhibiting the
h corrosion propagation
Mg-9.1Al- As-cast & T6 SBF B-Mgi7Al2 T6: at 445 °C for  Better corrosion resistance in the [134]
0.17Mn-0.04Zn 24 h with Té6-treated alloy due to the more
subsequent aging ~ homogeneous distribution of the
at 200 °C for 16 B-Mgi7Al 1, precipitates as well as
h the aluminum content
Mg 5Al3.5Gds As-cast & T6 1 wt% NaCl MgsGd, T6: at 565 °C for  Best corrosion resistance due to the [135]
(at%) Mgi2ZnY-type, 24 h with formation of the uniform and
and Al,Gd subsequent aging  compact oxide film, covering the
at 300 °C for 20 whole surface in the T6-treated
h alloy
Mg-5Al-1Zn-1Sn As-cast & T6 3.5 wt% NaCl B-Mgi7Al2 T6: at 400 °C for  Enhanced corrosion resistance due [139]
AlgMnsY 20 h with to the small corrosion driving force
subsequent aging  in each pitting corrosion area in the
at 260 °C for 4 h  Té6-treated alloy
Mg-8.6A1-0.85Zn  As-cast & T4 3.5 wt% NaCl B-Mgi7Al2 As-cast Corrosion resistance deterioration [140]
due to the lattice distortion in the
supersaturated grains during the T4
treatment
Mg-2.75Al- As-cast & T4 3.5 wt% NaCl B-Mgi7Al2 At 340 °C for 6 h  Stress relieving and dissolution of [142]
0.91Zn the secondary phase lead to a lower
corrosion rate in the T4-treated
alloy
Mg-xAg (x = 0, Extruded and T4 DMEM + 10% MgssAgy7 At 430 °C for 16  Significantly enhanced corrosion [36]
6 and 8 wt%) FBS h resistance due to the mitigation of
micro-galvanic corrosion after T4
treatment
Mg-4Ag As-cast & T4 SBF MgssAgi7 At 440 °C for 16  Significantly enhanced corrosion [147]
h rate by decrement of Ag-rich
precipitates after solution treatment
Mg-xAg (x = 0, As-cast, T4 & T6 DMEM + 10% MgssAgi7 At 440 °C for 16  Uniform distribution of corrosion [148]
2, 4 and 6 wt%) FBS MgsAg h potential on the surface after T4
treatment led to a better corrosion
resistance

the heat treatment parameters (e.g., time and temperature), it
is possible to achieve remarkable improvements in each alloy.

A comparative summary of the mechanical strength (yield
strength and ultimate tensile strength) of some heat-treatable
Mg alloys in the as-cast, T4 and T6 conditions is presented
in Fig. 38. As can be observed in Fig. 38, significant changes
in the mechanical strength of the as-cast biodegradable Mg
alloys have not been reported after a T4 treatment. As a result
of the solution treatment, the final strength of the solution-
treated alloys is a compromise between the solid solution
strengthening and the inherent softening mechanisms of grain
growth, precipitate dissolution and the reduction of defects.
Solution strengthening is not similar in different alloying sys-
tems. Several mechanisms are involved in solid solution hard-
ening such as: (1) elastic interactions caused by shear mod-
ulus and size misfits, (2) chemical interactions, and (3) elec-
trical interactions [149].

The size misfits of Zn, Gd, Y, Nd, Al and Ag solutes with
Mg are presented in Table 6 together with their maximum

solid solubility. As can be observed in Fig. 38, among the
reviewed biodegradable Mg-based alloy systems in this study,
Mg-Gd and Mg-Y can provide higher solution strengthening
effects due to their substantial size misfits with the Mg matrix,
while this effect is not significant in Mg-Nd alloys due to the
low solid solubility of Nd in Mg. In addition, the electron
state between the atoms or electrical interactions have been
reported to have a remarkable impact. In this regard, the high
efficiency of Y and Gd (compared to other alloying elements
like Al) to promote the solid solution strengthening has been
attributed to the strong bond energy of Gd and Y with Mg
[43].

As can be observed in Fig. 38, the T6 treatment can sig-
nificantly improve the mechanical strength of the biodegrad-
able Mg alloys. A precipitation strengthening effect by the
fine and dense precipitates is the major contributor to the
observed mechanical strength enhancement. In this regard,
the precise control of temperature and time of heat treatment
plays an important role in obtaining dense and nano-sized pre-
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Table 6

Maximum solid solubility, atomic radius, and the size misfits of Zn, Gd, Y, Nd, Al and Ag elements with Mg (the

atomic radius for Mg is 0.172 nm)

Solute Maximum solid solubility (wt%) Atomic Size misfit References
element and corresponding temperature radius

0 (nm)
Zn 6.2% at 340 °C 0.153 -0.11 [150]
Gd 23.5% at 548 °C 0.254 0.477 [76,150]
Y 11.4% at 572 °C 0.227 0.32 [150,151]
Nd 3.6% at 549 °C 0.229 0.33 [152]
Al 12.6% at 436 °C 0.182 0.058 [150]
Ag 15.02% at 472 °C 0.175 0.017 [153,154]

cipitates, which would be robust obstacles for the dislocation
motion.

As discussed earlier, an LPSO structure can be beneficial
for the mechanical strength of biodegradable Mg alloys as the
result of its effective interaction with dislocations. Interest-
ingly, the amount of LPSO structure can be increased during
a T4 treatment in alloys like Mg-Gd and Mg-Y. Therefore,
monitoring the LPSO structure evolution during heat treat-
ment can lead to enhanced mechanical properties.

Regarding the corrosion properties, it is not feasible to plot
comparative diagrams similar to Fig. 38 for the mechanical
properties because of the several different parameters used in
the corrosion tests including different solutions, temperatures
and time durations, etc. All of these factors mean that it is
difficult to make a simple comparison. However, some general
conclusions can be made:

1) The T4 treatment may homogenize the microstructure, re-
duce the density of the crystal defects (e.g., dislocations)
and decrease the volume fraction of the secondary phases.
This can be of special interest and importance from the
corrosion point of view, especially since micro-galvanic
corrosion would be avoided.

2) Grain growth, reduction of precipitates volume fraction,
and reduction of the defects density are the main factors
controlling the corrosion behavior of as-extruded Mg al-
loys after being subjected to a heat treatment process. In
this regard, suitable selection of time and temperature of
heat treatment, where the occurrence of insignificant grain
growth with a noticeable reduction in volume fraction of
precipitates and defects, can be beneficial for improving
the corrosion resistance.

3) The protectiveness of the formed corrosion film can be
boosted by the T4 treatment as a result of a more uniform
distribution of the alloying elements. This effect is more
noticeable in Mg-Gd and Mg-Y alloys.

4) Heat treatment significantly affects the corrosion properties
of LPSO structure-containing alloys such as the Mg-Gd
system. This structure can hinder corrosion propagation
and effectively decrease the corrosion rate. Regarding the
adjustable amount of LPSO structure in microstructure, its
volume fraction can be tailored by time and temperature
of heat treatment, implying the importance of performing a

suitable heat treatment process to maximize the corrosion
resistance.

5) The re-distribution of the secondary phases and the al-
loying elements in the microstructure of the aged alloys
considerably affects the extent of the galvanic corrosion
and also the protectiveness of the corrosion film. While
the dense and fine nano-scale precipitates are considered
to improve the corrosion resistance by helping to form a
more compact protective film or acting as corrosion barri-
ers, the coarse, blocky, and discontinuous precipitates de-
teriorate the corrosion resistance due to their high cathode
to anode surface area ratio which accelerates the micro-
galvanic corrosion. This is schematically shown in Fig. 39
for the aged Mg-5.8Zn-2.0Yb-0.5Zr alloy where the rel-
evant data to plot such figure was taken from published
reports [65,60].

In Mg-Zn alloys, the optimum properties can be obtained
by appropriate T6 treatment with the establishment of ho-
mogenous, fine and dense Zn-rich precipitates that can act as
a strong barrier for corrosion propagation and also dislocation
motion, leading to excellent corrosion and mechanical prop-
erties. Likewise, nano-sized precipitates in Mg-Nd alloys are
favorable, since they would not provoke severe galvanic cor-
rosion and can promote their properties. Contrarily, the estab-
lished solution strengthening effect in Mg-Ag alloys, as well
as the dissolution of Ag-rich precipitates (which are strong
cathode), have made the T4 treatment a suitable choice for
achieving optimal features in this system. A T4 treatment is
also promising for Mg-Y alloys due to the formed distinctive
Y-incorporated corrosion protective film after solution treat-
ment. In the Mg-Gd system, the optimum properties induced
by heat treatment depend on the amount of LPSO structure in
the primary condition of the alloy, which would be changed
concerning the time and temperature of heat treatment. How-
ever, both T4 and T6 can significantly enhance their bioper-
formance.

9. Future research directions

As was thoroughly discussed, the corrosion behavior and
mechanical properties of biodegradable Mg alloys can be im-
proved with the implementation of an appropriate heat treat-
ment. However, there remain many challenges and uncertain
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Fig. 39. A schematic representation of the effects of the precipitate size and distribution on the corrosion behavior of the biodegradable Mg-5.8Zn-2.0Yb-0.5Zr

alloy during the T6 treatment. Data collected from [65,66].

aspects which need more investigations. For example, the
effect of the distribution of the nano-scale precipitates on
the corrosion film formation and the corresponding protec-
tiveness, and also the extent of the nano-galvanic corrosion,
should be further clarified. In addition, the role of the large
micron-size precipitates in forming corrosion barriers needs
further attention in different alloying systems, similar to the
trend observed in Mg-Al alloys, where it was found that the
large B-Mgi7Al}, phase with continuous morphology could
inhibit the corrosion propagation.

Although simulation models have been proposed to pre-
dict the microstructure evolution of some Mg-based systems
like Mg-Al and Mg-Zn during an aging treatment, more in-
vestigations are required to more precisely determine the op-
timum time and temperature of heat treatment in different
biodegradable Mg alloys to obtain the best possible corrosion
and mechanical properties.

The formation and composition of the surface corrosion
film on Mg-based alloys have been widely examined [155—
157]. Nonetheless, there is a lack of systematic reports on
investigating the effect of alloying elements and their con-
centration as well as heat treatment on the protectivity and
stability of corrosion film. Therefore, a future study should
provide a path to developing a surface film with the highest
integrity, which can prevent localized corrosion attacks with
the help of heat treatment.

Mg biodegradable composites in which the reinforcement
phases are mainly based on hydroxyapatite (HAP), calcium

polyphosphate (CPP), B-tricalcium phosphate (8-TCP) parti-
cles and hybrid HAP + §-TCP particles can provide a combi-
nation of unique characteristics including adjustable mechani-
cal properties (i.e. tensile strength, elastic modulus, ductility)
as well as corrosion resistance and biocompatibility [158].
In such materials, which can be suitably fabricated by pow-
der metallurgy techniques [159], if heat treatable magnesium
alloys are chosen as the matrix, then the same principles re-
ported for the alloys can be applied for the Mg matrix and
thus heat treatment can effectively be utilized to further im-
prove the properties of such composites. However, there are
few studies reporting the effects of heat treatment on the char-
acteristics of Mg-based composite biomaterials and this is an
interesting research topic for future investigations.
Additively manufactured biodegradable Mg implants,
which are gaining considerable attention in recent years, also
suffer from the same problems of high degradation rate and
insufficient mechanical properties [160,161]. In this regard,
using heat-treatable Mg alloys for additive manufacturing can
be of great practical interest and needs further investigation
[162]. Furthermore, computer simulation has proved to be a
useful tool to optimize the microstructure and thus the cor-
rosion and mechanical properties [163,164]. In this regard,
more investigations are required to correlate the microstruc-
tural features with the heat treatment parameters in differ-
ent alloying systems. The above-mentioned topics would pro-
vide important support for the future processing and design of
biodegradable Mg-based implants, where heat treatment can
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play a critical role in addition to the other parameters used
to optimize the properties.

10. Conclusions

This review has mainly concentrated on collecting and
summarizing the results describing the effect of the T4 and
T6 heat treatments on the mechanical and corrosion proper-
ties of some important heat-treatable biodegradable Mg al-
loys, including the Mg-Zn, Mg-Gd, Mg-Y, Mg-Nd, Mg-Al
and Mg-Ag systems. While there are many consistent aspects,
it is now readily apparent that different alloying systems may
respond very differently to similar heat treatments. In gen-
eral, a T4 treatment can cause a lower degree of galvanic
corrosion by the dissolution of secondary phases, enhanced
corrosion protection film by microstructural homogeneity as
well as a uniformly distributed alloying element and solid
solution strengthening effect. It is also believed that the T6
treatment in most cases can significantly improve the mechan-
ical properties by re-precipitation of new secondary phases.
However, the size, morphology and distribution of precipi-
tates are critical factors that determine the ability of the alloy
to resist corrosion propagation as well as dislocation motion,
which would be modified by heat treatment. Accordingly, it
is shown that by precise control of the heat treatment parame-
ters of time and temperature it is possible to attain remarkable
improvements in each alloy. Furthermore, employing the dis-
cussed future perspectives in conjunction with heat treatment
can be a promising approach in the development of Mg alloys
for biomedical applications.
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